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1            Introduction 

 The detection of high energy photons (i.e. gamma rays or X-rays) is one of the main 
tools in small animal imaging. Imaging systems with external radiation sources 
(e.g., X-ray computed tomography—CT) and internal sources (e.g., single photon 
emission computed tomography—SPECT   ; and positron emission tomography—
PET) are used routinely in pre-clinical investigations and are under active develop-
ment both commercially and in research laboratories. In all cases, the detection 
process requires conversion of the energy carried by the photon into some sort of 
electrical signal. Further, the conversion process needs to be effi cient and provide 
information on the amount of energy deposited (to allow discrimination of events by 
the amount of energy carried by the photon). For imaging systems, the detector 
must also provide spatial position information (e.g., the point in the detector that the 
photon interacted). For this chapter, we will not address optical light systems, but 
focus only X-ray and gamma ray technologies. 

 For internal sources, we are normally dealing with radiolabeled compounds with 
the goal of imaging the distribution of labelled molecules in-vivo. Further, such 
images are used to obtain metabolic information as was recently summarized in a 
review article by Cherry [ 1 ]. The details of how the radionuclide is labelled to mol-
ecules of interest is beyond the scope of this chapter, but there is a large number of 
such labelled compounds in everyday use in the clinic and the research laboratory. 
The radionuclides used for imaging fall into two general categories: beta and posi-
tron emitters. In the case of positron emitters (e.g.,  18 F,  15 O,  14 N,  11 C,  82 Rb, etc.), a 
positron is emitted by the decay of the nuclide and travels a short distance until it 
annihilates with an electron. At the point, two 511 keV gamma rays are produced. 
It is the paired annihilation photons (detected in coincidence) that we normally use 
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for imaging. Some of the heavier positron-emitting nuclides (e.g.,  124 I,  94 Tc) are also 
associated with other gamma rays emitted by the daughter nucleus from the decay. 
These daughter gamma rays are normally not used for imaging and present a com-
plication in terms of unwanted events in the detector systems. The important fact 
here is that for positron imaging, we want to optimize the detector system for detect-
ing 511 keV gamma rays. 

 A wide range of beta emitters are used. Some of the more common for imaging 
include  99m Tc,  131 I,  111 In,  201 Tl,  123 I, and  67 Ga. The energies of the gamma rays to be 
detected can range from less than 80 keV to more than 300 keV and all come from 
the daughter nuclide formed as a result of the beta decay. Some of the decays emit 
more than one gamma ray energy (e.g.,  67 Ga has three primary gamma rays used for 
imaging: 93, 185, and 300 keV). Thus, the detectors for beta emitters (often termed 
single photon emitters as compared to the annihilation radiation produced in positron 
decay) must be able to detect gamma rays over a range of energies. Both single pho-
ton and coincidence detection systems, the detectors operate in single pulse mode—
that is, each event is recorded as a separate event and its energy deposited measured. 

 X-ray detectors, in particular those for CT, are detecting photons in the range of 
30–120 keV produced by an X-ray tube. For most applications, a large photon fl ux 
is needed to achieve the statistics needed for measurement of small attenuation 
coeffi cient differences. As a result, most CT scanners operate the detectors in cur-
rent mode and do not measure the energy deposited on an event by event basis. 
There are now efforts to develop high fl ux detector systems that can provide some 
degree of energy discrimination, but they are not yet a commercial reality. 

 There are many types of technologies that can be used for photon detection. 
There are various types of gas, solid state, and scintillator systems that have been 
described in the literature (e.g., [ 2 – 12 ]). However, the majority of pre-clinical imag-
ing systems based on X-ray or gamma ray detection utilize scintillators. Scintillators 
provide a cost effective solution with a wide range of options for specifi c imaging 
tasks. In this chapter, we will review the basics of scintillators and the basic detector 
properties associated with their use.  

2     Basic Scintillator Concepts 

 The basic concept of scintillators is that they transfer the energy of a detected X-ray 
or gamma ray into a large number of photons in the optical region. As the photon 
interacts in the scintillator, electrons within the crystal lattice are excited to higher 
energy states. If the material has the appropriate band gap between excited and 
ground states, scintillation light is produced. For many inorganic scintillators, impu-
rity atoms are required to “activate” the scintillator, i.e., the impurity atoms provide 
additional energy levels that support light production. Besides the production of 
light, there are many other important physical properties that determine the utility of 
a scintillator for small animal X-ray and nuclear medicine applications. A descrip-
tion of those basic properties follows. 

T.K. Lewellen and R. Miyaoka
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2.1     Energy Resolution 

 The energy resolution of a scintillator is defi ned by the full width at half maximum 
of the photopeak of the energy spectrum divided by the peak channel of the energy 
spectrum, as illustrated in Fig.  1.1 . In the example, the energy resolution of the 
detector system for the 511 keV photons produced by Ge-68 is 15 % (full width at 
half maximum—FWHM). Note that energy resolution will vary depending upon the 
energy of the photons being detected. Detection of higher energy photons produces 
more light within a scintillator that in turn improves the statistical estimate of the 
amount of light collected. The energy resolution for a detector system is very impor-
tant as better energy resolution improves the discrimination between true unscat-
tered events (i.e., the desirable events for image formation) and Compton scatter 
events (i.e., undesirable events that affect quantitation and reduce contrast) within 
the object being imaged.

   The intrinsic energy resolution of a scintillator is mostly governed by the amount 
of light produced per energy deposited in the scintillator, but is also affected by non- 
proportional response and inhomogeneities of the scintillator [ 27 ]. In addition other 
physical effects contribute to the overall energy resolution of a detector assembly. 
These include the index of refraction of the crystal (described below); the photon 
detection effi ciency of the photoreceptor used to convert the light signal to an elec-
trical signal; and electronic noise associated with the photosensor. Thus the energy 
resolution of a detector assembly depends on both the scintillator characteristics and 
the physical characteristics of the photoreceptors. The main variable being how well 
the light photon detection effi ciency of the photoreceptor is matched to the emission 
wavelength of the scintillator. The characteristics and properties of photosensors are 
further covered in Chap.   3    .  

400
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  Fig. 1.1    Example of a Ge-68 
energy spectrum from a 
crystal in a PET block 
detector using BGO crystals. 
The x-axis values are relative 
channel numbers (not 
calibrated in energy units)       
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2.2     Stopping Power (Detection Effi ciency) 

 The photon detection effi ciency is a measure of what fraction of true unscattered 
photons will be detected by the scintillation crystal. The stopping power depends 
upon both the photoelectric and Compton cross-section of the crystal, where the 
photoelectric cross-section mainly depends upon the effective Z of the material and 
the Compton cross-section depends upon the density of the material. Ideally pho-
tons will be photoelectrically absorbed on the fi rst interaction. However, that is 
generally not the case for many applications. For example, NaI(Tl) at 140.5 keV 
approximately 80 % of fi rst interactions will be photoelectric; however, at 511 keV 
a majority of fi rst interactions will be Compton for all the common scintillators used 
for small animal PET imaging systems. For 511 keV detection, the main scintilla-
tors currently in use are BGO and lutetium-based materials. While the lutetium- 
based scintillators have a higher density than BGO, BGO because of it higher 
effective Z has better overall stopping power for 511 keV photons. 

 The stopping power for the scintillator is especially important for small animal 
imaging systems. This is because of the very small structures that one often desires 
to image and the tiny amounts of activity that will be taken up in these structures. In 
comparison to whole-body human imaging, the activity concentration per voxel for 
small animal imaging procedures needs to be factors of a thousand times higher to 
achieve comparable image quality. While the attenuation differences between 
humans and small animals favor small animal imaging, there is still the need for 
very high detection effi ciency small animal imaging systems. For single photon 
imaging the detection effi ciency is quite high for Tc-99m and extremely good for 
I-125 with its low energy photons and X-rays. 

 When considering high resolution imaging systems—in particular small animal 
systems, the issue of parallax is important. Parallax refers to the phenomenon of a 
gamma ray entering one crystal but passing through it to interact in a neighbouring 
crystal or region of the detector (Fig.  1.2 ). One approach to reduce parallax for 
small diameter rings is to use short crystals (perhaps <10 mm long) so that if a 
gamma ray passes through the fi rst crystal, it will exit the detector ring before inter-
acting. However, this leads to less than desired sensitivity. As a result, many groups 
are working on detectors with depth-of-interaction (DOI) capability to allow esti-
mation of the point of fi rst interaction in the detector array (maintaining the high 
spatial resolution while increasing sensitivity with longer crystals). Dense scintilla-
tors (with high photoelectric cross sections) would be ideal for DOI applications if 
all the other needed parameters (see below) are acceptable.

2.3        Speed 

 The speed of the crystal refers to the decay constant of the light produced in the 
scintillator. A short decay time is important for two main reasons. First the count 
rate capabilities of the detector depend upon the light decay constant for the 
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scintillator. The shorter the decay time, the higher the counting rate capability of 
the detector (less pile-up where the signals from two events overlap and distort the 
light output from the scintillator). The lutetium-based scintillators with their rela-
tively short decay times are ideal for the higher photon fl ux associated with PET 
imaging. Because collimators are generally used for single photon imaging, the 
count rate requirements are usually signifi cantly lower than for PET imaging appli-
cations. For detector systems using NaI(Tl) or BGO that need to achieve higher 
counting rates, there are pulse shortening techniques (i.e., pulse tail clipping or 
pulse tail extrapolation) that facilitate higher count rate capabilities in these slower 
decay time scintillators. 

 The second performance variable that the light decay time of the scintillator 
effects is the timing resolution of the detector. In general, faster decay times corre-
sponded to better timing resolution. This is largely the case because the faster the 
decay time the larger the initial burst of light photons when the event is fi rst detected. 
While not critical for small animal PET imaging applications, coincidence timing is 
still important for limiting the collection of random events.  

2.4     Physical Properties 

 Physical properties refer to the characteristics of the scintillator that might affect 
manufacturing and fabrication costs. These properties include the hardness of the 
scintillator; whether the crystal has cleavage planes and whether or not the 

Detector 

Point of annihilation

  Fig. 1.2    Illustration of the 
parallax error. The gamma 
ray ( solid line ) penetrates the 
fi rst crystal and interacts in 
the second crystal. Without 
depth of interaction 
information, the detection 
electronics will assign the 
event to the wrong line of 
response (the  dotted line ). 
The lower portion of the 
fi gure is an enlargement of 
the section of the detector 
ring that is circled       
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scintillator is hygroscopic. The hardness of the scintillator and whether it has 
 cleavage planes affects the machinability of the material. In general, crystals that 
have cleavage planes are more diffi cult and expensive to fabricate, whether into 
small discrete crystals or larger monolithic designs. 

 Crystals that are hygroscopic affect the design of detector systems in two ways. 
First, they have to be encapsulated to prevent moisture from reaching the crystal. 
This adds cost to the detector assembly. Second, they can affect the packing fraction 
(the amount of the face area of the detector assembly that can actually be used to 
detect photons) of the detector system because of the packaging.  

2.5     Index of Refraction 

 The index of refraction mainly affects the amount of light that can be extracted from 
a scintillating crystal. A high index of refraction is good for piping light down a high 
cross-section to length aspect ratio; however, it also makes extraction of the light 
from the crystal more challenging. Matching the indices of refraction of the scintil-
lator, the optical coupling glue, and the window of the photosensor optimizes light 
collection effi ciency. Unfortunately, all the current scintillators in use have reason-
ably high indices of refraction that make light collection more challenging.  

2.6     Light Yield 

 The light yield refl ects how effi cient a scintillator is at converting the energy depos-
ited by a detected photon or X-ray to light. The light yield of a scintillator impacts 
the energy resolution, spatial resolution and timing resolution of a detector. In gen-
eral, the higher the light yield the better the energy resolution. This is almost always 
the case; however, for scintillators that have non-proportional light output (e.g., 
lutetium-based materials) the energy resolution is not as good as one would expect 
from the measured light yield. 

 In general, scintillators with higher light yield can also provide better spatial reso-
lution. For monolithic style crystals that are often used in gamma cameras this is 
because having more light reduces noise in the measured signals and improves the 
accuracy of the positioning algorithm. For discrete crystal detectors, higher light 
yield can facilitate decoding more or smaller cross-section crystals. Decoding smaller 
cross-section crystals leads to better intrinsic spatial resolution for a detector. 

 The light yield can also affect coincidence timing resolution for PET detectors. 
Both light yield and decay time in combination effect timing resolution. This is 
because the timing resolution is strongly affected by the slope of the rising edge of 
the pulse (i.e., the light photon fl ux at the start of the pulse). The combination of a 
short decay time and high light output yields the steepest slope to the rising edge of 
the pulse from a scintillator.  
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2.7     Peak Wavelength 

 The wavelength of the light produced by the scintillator can have a signifi cant 
impact on the light collection effi ciency. This is both in regards to the amount of 
light that makes it to the photosensor and the quantum effi ciency of the photosensor 
to the light produced by the scintillator. Ultraviolet (UV) wavelength light is more 
diffi cult to collect and requires special quartz windowed photosensors for signal 
processing. Blue light is well matched to the quantum effi ciency of bialkali photo-
cathodes, while green and longer wavelength light is better matched to silicon-based 
photodiodes. As described in Chap.   3     the quantum effi ciency of different photosen-
sors can widely vary depending upon the wavelength of the light and thus can have 
a signifi cant impact on effective light yield.  

2.8     Fabrication Complications 

 Fabrication complications are factors that affect the cost of a scintillator. The three 
main variables are the cost of the raw materials used to grow the scintillator; the 
melting temperature of the scintillator; and the yield for the growth process (also 
may affect the pull rate—i.e., how fast the scintillator material can be grown). Of 
course, hydroscopic scintillators require additional handling precautions during fab-
rication (e.g., dry boxes for assembly), but handling such scintillators have long 
since been worked out by the manufactures.  

2.9     Afterglow 

 After a gamma or X-ray interacts in a crystal, there is a period of time while scintil-
lation light is still being produced as the electrons excited by the interaction process 
return to ground states. Many scintillators have some small fraction of these excited 
electrons that take a long time to return to ground states resulting in a prolonged 
period of low light output. These long decay components can be many milliseconds 
or even hours long for some scintillators. For high count rate (or high fl ux) applica-
tions, the after glow can lead to bias errors in estimating the amount of energy 
deposited in the scintillator.  

2.10     Radiation Hardness 

 Radiation hardness refers to the potential of damage to a scintillator due to pro-
longed exposure to radiation. Such damage usually manifests as optical transpar-
ency (optical light transmission) in the scintillator. For most imaging applications, 
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radiation damage is not an issue. However, for specialized applications such as in- 
beam imaging system, selection of scintillators should include consideration of 
potential radiation damage effects. Most designers consider a scintillator as “radia-
tion hard” if there are no measurable effects with doses of 10,000 Gray. Most such 
effects, other than radio-activation, will at least partially reverse once the scintillator 
is removed from a high radiation environment.   

3     Basic Scintillator Geometries 

 Most imaging systems use scintillators in one of two basic geometries: pixilated and 
monolithic detector designs. 

 In pixilated designs, arrays of individual scintillators or blocks cut into many 
segments (Fig.  1.3 ) are readout by photosensors. Early PET systems [ 13 – 17 ] used 
one photo-multiplier tube (PMT) per scintillation crystal. There are several major 
limitations to this approach. For high spatial resolution, you need to use small crys-
tals and existing PMTs are too large to allow a full ring of very small crystals; also, 
it becomes diffi cult or impossible to make multi-ring systems. For large numbers of 
crystals, this type of design also leads to a large number of electronic channels and 
PMTs, thus increasing the cost of the system. This led to the kind of geometry 
shown in Fig.  1.3b  where a block of crystals (or a segmented block) are viewed by 
a coarse array of large photosensors. The arrays are then decoded by measuring the 
amount of light that reaches each photosensor. In many designs, the amount of light 
that is shared between the photosensors is partially controlled by changing the inter-
faces between the crystals in designs like Fig.  1.3a  or changing the depth of the saw 
cuts in block such as those shown in Fig.  1.3b . The resulting signals can produce 

  Fig. 1.3    Pixilated detectors. ( a ) An example of an array of individual crystals mounted on a 
GM-APD array. ( b ) A diagram of a block of crystal sawed into segments mounted on a set of PMTs       
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“crystal maps” much like that shown in Fig.  1.4  which depicts a two dimensional 
crystal map from a detector block using a 6 × 6 array of BGO crystals. Four PMTs 

are placed over the crystals in a rectangular pattern  
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    The electronics can then assign an event to a crystal by determining which region 
the event corresponds to in the crystal map. With the advancements in photosensors 
(see Chap.   3    ) and electronics devices such as fi eld programmable gate arrays 
(FPGA) and application specifi c integrated circuits (ASIC), we now have the option 
to return to one-on-one coupling with fi ne pitched solid state photosensor arrays 
where each photosensor is coupled directly to a single crystal in the array. 

  Fig. 1.4    A 2D block map of a 6 × 6 BGO crystal array viewed by four PMTs. The relative light 
output is indicated by the isocount curves. The “ straight ”  lines  indicate what regions will be 
assigned to each crystal position       
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 The choice of using cut blocks or discrete crystals depends on many issues 
including cost of fabrication, packing fraction, and crystal size. As the crystal pitch 
and size become smaller (e.g., those used in small animal scanners), it is often best 
to use discrete crystals both in terms of packing fraction and overall ease of 
manufacture. 

 Another approach is to use monolithic “slabs” of crystal and decode the event 
position by analyzing the light distribution from the event within the crystal. The 
approach is basically the same as used in Anger cameras and has been applied to 
PET systems using NaI(Tl) crystal modules [ 30 ]. Figure  1.5  depicts such a detector 
module with a relatively small monolithic crystal (50 × 50 mm). Traditionally, the 
position of an event in an Anger camera is determined by calculating the centroid of 
the emitted light; X = ∑(x i  * S i )/∑(S i ), where x I  is the weight associated with the i th  
PMT and S i  is the integrated PMT signal. More recently, investigators have been 
using statistical estimation techniques to determine the event position, even 
 including estimates of the depth of the event within the monolithic slab [ 2 ,  18 – 20 ].

   Whatever design is chosen, there are factors that impact performance. One prob-
lem is resolution loss. We have already mentioned parallax (depth-of-interaction in 
Fig.  1.6a ). In pixilated detectors (Fig.  1.6a ), other factors contributing to spatial 
resolution include: fi nite crystal width; scattering within the detector array (more 
than one source of light); and statistical uncertainty related to the amount of light 
detected. As shown in Fig.  1.6b , similar factors limit resolution in monolithic 
detectors.

  Fig. 1.5    Example of a monolithic crystal block (50 × 50 mm) mounted on a Hamamatsu 8 × 8 
anode PMT       
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   Other factors that can impact detector performance include pulse pileup (where 
a second event is detected before the light has fully decayed from the previous 
event) and multiple gamma ray interactions due to Compton scatter in the same 
detector array. 

 Positron emission tomography (PET) and single photon emission computed 
tomography (SPECT) and planar imaging are based on detecting events one at a 
time (pulse counting) and tend to emphasize the properties related to energy resolu-
tion, sensitivity, and fast timing when detectors are designed. Computed X-ray 
tomography (CT) most commonly measures X-ray fl ux and does not do event-by- 
event detection. Such detector systems rely on integrating the fl ux rate and tend to 
emphasize sensitivity and low after glow.  

4     Types of Scintillators 

 For the X-ray and gamma rays encountered in PET, SPECT, and CT, the most com-
mon interactions of the primary radiation in a detector material are Compton scat-
tering and Photoelectric absorption. An ideal detector would have high enough 
Photoelectric cross section and density to assure that all interactions were single 
events (Photoelectric absorption). Real world detectors generally have a mix of 

a
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  Fig. 1.6    Some of the causes of spatial resolution loss in: ( a ) pixilated detectors and ( b ) monolithic 
detectors       
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Compton and Photoelectric events (although that mix is highly dependent on the 
energy of the primary radiation). Scintillators are a class of detector materials that 
convert the energy deposited in them by X-ray and gamma ray interactions into vis-
ible light [ 21 ]. The primary radiation excites electrons in the scintillator. Typically 
the primary radiation ionizes atoms via both Compton and Photoelectric interac-
tions producing a multiplication effect (one incoming X-ray/gamma ray produces a 
cascade of excited electrons). The excited electrons eventually de-excite and in the 
process emit visible or near visible light photons. Thus a single incoming X-ray or 
gamma ray produces a large number of visible light photons which, in turn, can be 
detected by a photosensor. 

 Scintillators can generally be separated into two main groups—organic and inor-
ganic. Organic scintillators are hydrocarbon compounds [ 6 ] that produce light 
through molecular excitation. Typically, the primary fl uorescent compound emits 
light in the ultraviolet (UV) region during de-excitation. A second compound is usu-
ally added to the mix to shift the UV light into visible light for use with most pho-
tosensors. These compounds can be used as a liquid in which materials containing 
radiotracers are dissolved (often beta emitters such as tritium) and the resulting 
scintillation light collected by photosensors—but that application is not in the scope 
of this book since such counters are used for sample counting, not imaging. These 
organic scintillation compounds can also be made into plastics (polymerized) to 
form solid detector materials commonly referred to as plastic scintillators. Such 
scintillators have the advantages of being easily machined or cast into a wide variety 
of shapes and sizes and have been used extensively for large area detectors in high 
energy physics applications. The can also be incorporated into optical fi bres to 
make scintillating fi bres. Plastic scintillators typically have good light output [25–
30 % of NaI(Tl)] and very fast rise and fall times (rise times of 1 ns or less). They 
have been the standard reference detector for many fast timing measurements. There 
are a wide variety of plastic scintillators optimized for different applications (e.g., 
fast timing, neutron detection, etc.), as illustrated by the more than 24 plastic scintil-
lator formulations listed by Saint-Gobain (a major commercial scintillator com-
pany) in their standard catalogue. 

 Plastic scintillators have been used or proposed for some applications for PET. 
Some examples include in-beam monitoring systems for high energy radiation ther-
apy applications, time-of-fl ight scanner designs, and alternative detector decoding 
schemes, and small animal PET scanners [ 22 – 26 ]. The low-Z materials in these 
scintillators result in X-ray and gamma rays detection being dominated by Compton 
interactions. The low photoelectric cross sections and low densities result in low 
stopping power which is not ideal for imaging applications. As a result, plastic scin-
tillators have not been used in most imaging system designs. 

 Inorganic scintillators have been the primary detector used in the majority of 
imaging system designs. Scintillation in these materials is due to lattice effects 
rather than the molecular effects of organic scintillators. Inorganic materials are 
often characterized as having electrons in valence (bound at the lattice sites) and 
conduction (free to move around the crystal) bands. The aforementioned ionization 
process of primary radiation interaction moves electrons from the valence band into 
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the conduction band. As electrons move back into the valence band (releasing 
energy), many go through trapping centers in the gap between the conduction and 
valence bands. These trapping (or activation) centers allow the electrons to return to 
the valence band in a series of steps, releasing light photons at each transition [ 27 ]. 
Part of the development of good scintillators is creating the activation centers such 
that a large amount of the released energy as electrons de-excite are in the visible 
light region and to control the rate at which the de-excitation occurs (the light decay 
time in the scintillator). Table  1.1  lists some of the cardinal properties of many of 
the scintillators that have been considered for use in scanner systems.

4.1       Scintillator Imaging Characteristics and Applications 

4.1.1     NaI(Tl) 

 NaI(Tl) is the scintillator material used in the fi rst gamma camera developed by Hal 
Anger [ 28 ]. It has outstanding properties for imaging the 140.5 keV photons emitted 
by  99m Tc, the most used radioisotope for nuclear medicine imaging. The three most 
important physical characteristics of NaI(Tl) for single photon imaging are its high 
light output; its excellent detection effi ciency including photoelectric cross-section 
at 140.5 keV; and its relatively low cost. In addition NaI(Tl) can be grown into large 
crystals that support economical fabrication of large area imaging detectors. The 
light output of NaI(Tl) is the reference by which other inorganic scintillator materi-
als are commonly compared. The main limitations to NaI(Tl) for imaging purposes 
are threefold. First, it is hygroscopic. Therefore it must be housed in hermetically 
sealed packaging. This limits it utility for imaging systems requiring an array or 
ring of smaller sized detector modules; however, this is not a serious limitation for 
large area detectors such as the ones use for clinical nuclear medicine gamma cam-
eras. Second, NaI(Tl) also has a relatively long decay time in comparison to the 
other scintillator materials listed. Again this is not a signifi cant limitation for clini-
cal nuclear medicine imaging where the fl ux of photons to the detector is moderated 

      Table 1.1    List    of some of the properties of inorganic scintillators used in imaging system designs   

 NaI(Tl)  BaF 2   BGO  LSO  GSO  LYSO  LaBr 3   LFS  LuYAP  LuI 3  

 Effective 
atomic no. (Z) 

 51  54  74  66  59  60  47  63  65  60 

 Linear atten. 
coef. (cm −1 ) 

 0.34  0.44  0.92  0.87  0.62  0.86  0.47  0.82  0.9  ~0.56 

 Density (g/cm 3 )  3.67  4.89  7.13  7.4  6.7  7.1  5.3  7.3  8.34  5.6 
 Index of refraction  1.85  –  2.15  1.82  1.85  1.81  1.88  1.78  1.95  ? 
 Light yield (k/MeV)  41  2(6)*  7  26  10  26  60  26  5  76 
 Peak wavelength (nm)  410  220  480  420  430  420  370  430  365  470 
 Decay constant (ns)  230  0.8  300  40  65  41  18  35  18  30 
 Hydroscopic  Yes  Slight  No  No  No  No  No  No  No  Yes 

   * fast (slow) light component yield 
  ?  Not known at the time of publication  
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by the collimator. While very innovative methods were developed to extend the 
count rate capabilities of large area NaI(Tl) detectors which led to the development 
of NaI(Tl) based PET imaging systems [ 29 ,  30 ], the discovery of new scintillator 
materials with more optimum properties for PET imaging (i.e., better detection effi -
ciency at 511 keV and better coincidence timing characteristics) has led to the dis-
continuation of clinical NaI(Tl) based PET imaging systems. Finally, NaI(Tl) does 
have a long decay component that can lead to baseline shifts in the detector signal 
at high fl ux rates. Again this is usually not a problem for gamma camera imaging as 
pulse pile-up effects usually distort the acquired energy spectra before baseline 
shifts occur. As stated above, NaI(Tl) has outstanding properties for clinical nuclear 
medicine imaging and is still by far the most common detector material used for 
single photon imaging applications. NaI(Tl) because of it relatively low cost and 
excellent energy resolution properties is also often used in well counters and spec-
troscopy detectors.  

4.1.2     BGO 

 While NaI(Tl) has been the scintillator material of choice for single photon imaging 
cameras, for years BGO (discovered in 1973 [ 31 ]) was the scintillator material of 
choice for human whole-body, clinical PET systems. This was predominantly 
driven by the excellent stopping power (i.e., high effective atomic number and mate-
rial density) of BGO. Even though LSO is more dense than BGO, BGO has better 
detection effi ciency at 511 keV due to its higher effective atomic number which 
translates to a better photoelectric cross-section. During the developmental years of 
human whole-body PET, most systems acquired data in two dimensions through the 
use of collimation in the imaging system. Collimating septa were used to reduce 
deleterious random and scattered coincidences associated with PET imaging. Since 
random and scattered events were limited by collimating septa, the most important 
physical properties for 2D PET imaging are the ones associated with detection effi -
ciency. While BGO has a rather long decay time, detector dead time was not a 
problem for 2D PET imaging because the septa also signifi cantly reduced the pho-
ton fl ux to the detectors. The other design feature that helps reduce dead time is by 
using relatively compact detector modules. The light output from BGO is also on 
the low end of the scintillators listed. The low light output effects energy resolution 
and the decoding capabilities of a detector module. Because of the low light output, 
BGO is not a candidate for gamma camera imaging at 140.5 keV. However with 
modern BGO crystals, better than 20 % detector energy resolution can be achieved 
at 511 keV that allows for relatively good discrimination against scattered events. 
Further using standard detector designs, 8 × 8 BGO crystals arrays can be accurately 
decoded using a 2 × 2 array of photomultiplier tubes. Using a quadrant sharing 
detector design even higher decoding effi ciency can be achieved with BGO crystals 
and standard photomultiplier tubes. The index of refraction of BGO is 2.15 which 
makes extracting light from a crystal a little more diffi cult than many of the other 
listed scintillators. This is because of internal refl ections within the crystal due to 
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index of refraction mismatch between the crystal and optical resins used to couple 
the crystal to an optical sensor. BGO is relatively rugged and easy to cut for fabrica-
tion purposes. Thus the main limitations of BGO are it relatively low light output 
and relatively long decay time. While these weaknesses are not signifi cant for 2D 
PET imaging systems, they become more problematic when one goes to three 
dimensional PET data acquisition mode (i.e., without collimating septa in the fi eld 
of view). While    modern PET imaging systems using BGO can be operated in three 
dimensional data acquisition mode, BGO’s properties are most well suited for 2D 
PET imaging.  

4.1.3     LSO, LYSO, LFS, LuAP 

 The development of LSO in 1992 [ 32 ] was met with high expectations because of 
its high density, high light output and fast decay time. After the introduction of LSO 
additional lutetium based scintillators with similar physical characteristics were 
developed. These scintillators include LYSO, LFS LuAP [ 33 ], and LuYAP. While 
the lutetium based scintillators were touted to replace the need for BGO, clinical, 
whole body, BGO PET systems have continued to be built due to BGO’s better 
detection effi ciency and lower cost. Additional reasons for this are that the lutetium- 
based scintillators have non-proportional light output and therefore the energy reso-
lution achieved by early model systems was only slightly better than that achieved 
by BGO systems. Thus the scatter fraction for lutetium based systems were similar 
to BGO based systems. However as the growth processes for the lutetium scintilla-
tors have improved, the light output characteristics have also improved to the point 
where current generation LYSO based PET systems report a system energy resolu-
tion of ~12 % at 511 keV (i.e., compared to ~18 % energy resolution for BGO). 
LuAP has not made a major impact on scanner designs due to its relatively low light 
output and emission wavelength (Table  1.1 ). As an alternative to LuAP, crystal 
developers have proposed LuYAP which has higher light output (e.g., ~12,000 pho-
tons/MeV) than LuAP. 

 While improved energy resolution is helping with the performance characteris-
tics of lutetium based detector systems, the main reason there is currently signifi cant 
interest in lutetium based scintillators is the potential for time-of-fl ight PET imag-
ing. For non-time-of-fl ight PET, a detected event is localized to a line of response 
defi ned by the two coincidence detectors. On the other hand for time-of- fl ight PET, 
the detected event is localized to a segment of the line of response defi ned by two 
coincident detectors. The time of fl ight information leads to an improvement in the 
signal to noise ratio of the reconstructed image. It has also been shown to improve 
contrast in the image [ 34 – 36 ]. The achievable coincidence timing resolution of a 
scintillator is correlated with the decay time and light output of the scintillator. 
Therefore, lutetium scintillators hold signifi cant promise at for time-of- fl ight PET 
detectors. The fi rst commercially available time-of-fl ight PET system offered since 
the 1980s was developed by Philips Medical Systems and is marketed as the Gemini 
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TF64 [ 37 ]. Both General Electric Healthcare and Siemens Medical Solutions have 
prototype time-of-fl ight PET systems under evaluation. 

 In addition to being the current detector material of choice for human whole 
body TOF PET systems, lutetium based scintillators are also the crystal material of 
choice for most preclinical PET imaging. This is mainly because of the high light 
output of lutetium based scintillators. The high light output facilities decoding very 
small cross-section discrete crystal arrays. For the same PMT assembly signifi -
cantly more lutetium based scintillators can be accurately decoded versus discrete 
BGO crystals. 

 While lutetium scintillators are great for PET imaging detectors, they have not 
found much utility for single photon detector applications. This is because about 
2 % of lutetium found in nature is radioactive. This leads to a background count rate 
in lutetium scintillators. While it has been demonstrated that preclinical PET imag-
ing systems can also be used as preclinical, pinhole SPECT imaging systems, lute-
tium based scintillators have not found great interest as a single photon imaging 
detector.  

4.1.4     GSO 

 GSO is a scintillator that was developed after the introduction of BGO but before 
the discovery of LSO. It has many good properties; however, it does not have any 
one outstanding property that leads to a signifi cant performance advantage for PET 
imaging. As a PET detector material there was more interest in the use of GSO 
before the current widespread availability of lutetium based scintillators. One inter-
esting characteristic of GSO is that while it produces less light than LSO, GSO PET 
detectors can provide better energy resolution. This is an advantage for 3D whole 
body PET imaging because the better energy resolution can be used to better dis-
criminate against scatter events. This was more of an advantage during the develop-
mental years of LSO. As previously mentioned the energy resolution of current 
lutetium based scintillators has improved as the growth process has been refi ned.  

4.1.5     YAP 

 YAP was introduced in the 1990s and has very good light output. The high light 
output allows for the decoding of very small cross-section crystals. The main disad-
vantage of YAP is that it has a very poor photoelectric cross-section. A preclinical 
PET imaging system has been built using YAP detectors. To highlight its poor pho-
toelectric cross-section, when operating in its high resolution mode the electronics 
rejects events that have deposited energy in the 511 keV photopeak because it is 
highly likely that those events have had at least two interactions within the crystal 
array. Multiple interactions within a crystal array leads to broadening of the spatial 
resolution.  
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4.1.6     CsI(Tl) 

 CsI(Tl) can be grown as discrete crystals for single photon gamma camera detectors 
or as thin fi lms for X-ray imaging systems. As a discrete crystal scintillator, CsI(Tl) 
has many physical properties that surpass NaI(Tl) for general single photon imag-
ing. It is denser and brighter than NaI(Tl). In addition, it is only slightly hygro-
scopic. One the other hand, its decay time is signifi cantly longer and the peak 
wavelength of the light its produces (i.e., 540 nm) is not well matched to the quan-
tum effi ciency of photomultiplier tubes. To alleviate these weaknesses, a discrete 
crystal CsI(Tl) based detector system where the CsI(Tl) crystals were individually 
coupled to silicon PIN photodiodes was proposed. This design circumvents the two 
main weaknesses of CsI(Tl). By individually coupling crystals to the silicon PIN 
photodiode array, there is effectively very little dead time associated with the detec-
tor system because of the large number of data channels. And while PMTs are not 
very sensitive to 540 nm wavelength light, silicon PIN photodiodes have very good 
detection effi ciency at that wavelength. The key to this design is the availability of 
photodiodes with high enough signal to noise that they can be operated at room (or 
close to) temperature. 

 The second way that CsI(Tl) can be used for imaging instrumentation is as a thin 
fi lm for X-ray imaging systems. This will be further described below (Sect.  4.2 ). 

 There are many investigators developing new scintillators. In recent years, the 
search for new materials has generally concentrated on better scintillators for TOF 
applications (fast timing, high light output). The challenge has been to fi nd such high 
performance scintillators that also have stopping power competitive with the more 
“conventional” scintillators already in general use. Examples include LaBr 3  [ 38 ] and 
LuI 3  [ 39 ]. Some of the characteristics for these two scintillators are included in 
Table  1.1 . LaBr 3  has been used for at least one TOF scanner [ 40 ], but TOF is cur-
rently not of use in small animal scanners since timing resolutions of one to two 
orders of magnitude better than currently achieved would be needed to improve the 
images for most pre-clinical applications. For small animal applications most system 
designers are looking for high light output and high stopping power. As noted earlier, 
the high light output aids in detector decoding and extraction of information such as 
depth-of-interaction. Such requirements make a scintillator such as LuI 3  of interest 
since it has high light output and has a high effective atomic number (Table  1.1 ). 
However, the linear attenuation coeffi cient is not as high as the Lutetium compounds 
or BGO—making it less attractive. The search continues for the ideal detector [ 41 –
 44 ]. No one scintillator is the perfect solution, but the current available crystals and 
ceramics offer a wide range of options for the designers of imaging systems.   

4.2      Scintillation Detectors for CT Imaging 

 There are three types of scintillation detectors that have been used for small animal 
CT imaging systems. A common scintillator used for small animal CT is CsI(Tl). 
Using thin fi lm deposition techniques, CsI(Tl) can be grown into a micro-columnar 
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thin fi lm structure. When X-rays are detected in the array, the scintillation light can 
be channelled down the micro-columnar structure to a lens coupled CCD camera. 
Other readout devices include an array of amorphous silicon photodiodes, CMOS 
arrays or X-ray fi lm. Other thin fi lm scintillators include yttrium aluminum garnet 
(YAG) and lutetium aluminum garnet (LuAG) both doped with cerium (Ce). 
Another scintillator commonly used as a CT detector is CdWO 4 . Because of their 
structural characteristics, CsI(Tl) has been mostly used for cone-beam geometry 
systems while CdWO 4  has been used for fan beam systems. The second style of 
scintillator that has been used for CT imaging is ceramic scintillating detectors. This 
includes versions of gadolinium oxysulfi de, Gd 2 O 2 S (GOS) with different dopant 
materials (e.g., Pr, Ce, and F) and Y 1.34 Gd 0.60 O 3 :(Eu, Pr) 0.06  (YGO). By using codop-
ants these ceramic scintillators and can good light yield and low afterglow [ 45 ]. 
Further, there has been recent interest in the use of the same scintillator detector for 
both PET and CT [ 48 ]. The fi rst such testing was done using a discrete crystal LSO 
scintillator array where the crystal elements were individually coupled to an ava-
lanche photodiode (APD) [ 46 ,  47 ]. Because of the large difference between the 
photon fl ux of PET and CT, the detector module needed to have very high count rate 
capability. This was supported by the individual crystal readout. Because the detec-
tor operated in photon counting mode rather than fl ux mode, less X-ray photons are 
required to produce an image. The concept of a photon counting CT detector is still 
a research endeavor. In a study looking at other potential X-ray photon counting 
scintillators [ 48 ], the best performing scintillators were GSO:Ce, BGO and LaBr 3 .   

5     Summary 

 Scintillators have long been a main stay in detectors for energetic photons. This is 
because of the detection effi ciency and/or cost advantage they possess over most 
other detector materials. While semiconductor materials are in use for detection of 
photons to convert the photon energy directly into a current pulse without the use of 
scintillators (e.g., CdTl, CZT, intrinsic germanium [ 5 ]), scintillators continue to 
offer a wide range of performance parameters in robust, well-understood detector 
designs. There continues to be a considerable effort to fi nd scintillators that are 
closer to the ideal (i.e., dense, high photo-electric cross section, non-hydroscopic, 
high light output, fast decay time, and inexpensive). While the perfect material has 
yet to be found, the current selection described in this chapter provides many options 
for system designers and many of the new compounds do offer considerable prom-
ise for continued improvements in the ultimate performance of scintillator based 
small animal molecular imaging instrumentation systems.     
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1  Introduction

Semiconductor detector technology, initially developed for high energy physics 
applications, has found a distinctive role in high performance systems for X-ray and 
gamma-ray medical imaging applications, including small animal imaging. Single- 
Photon Emission Computed Tomography (SPECT) small animal imaging requires 
the development of compact detectors with intrinsically ultrahigh spatial resolution, 
high energy resolution and good detection efficiency, in addition to suitable radiation 
collimation strategies. This overall performance can only partly be guaranteed by 
scintillator based systems with photomultiplier tube readout, the most used technol-
ogy at present for small animal SPECT scanners. On the other hand, with respect to 
scintillator based detectors, semiconductor detectors can offer a gain by approxi-
mately a factor two in energy resolution at typical radionuclide energies, a factor 
greater than two in intrinsic spatial resolution, and a comparable intrinsic detection 
efficiency, though usually at a reduced field of view. Moreover, their compactness 
could be crucial in devising animal “personalized” miniature scanners. An additional 
interesting feature of semiconductor based small animal SPECT scanners is that the 
detector technology can be used both for gamma-ray imaging and for X-ray imaging, 
when coupling the SPECT scanner to a low resolution X-ray CT scanner for ana-
tomical registration. The requirement of high spatial resolution, coupled to high sen-
sitivity, becomes also stringent in microPET systems, where semiconductor detectors 
could be the technology of choice for future high performance PET scanners.
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This chapter illustrates the basic technology of pixel and microstrip semiconductor 
detectors for these small animal imaging applications, with reference to the most 
used technologies, relative to the CdTe, CdZnTe (CZT) and Si semiconductors. Still 
at its early stage, but of increasing interest, is the technology of semiconductor 
detectors—CdTe, CdZnTe, Si room-temperature semiconductors, in addition to liq-
uid nitrogen cooled Ge—specifically for Positron Emission Tomography (PET) in 
ultra high resolution small animal scanners. Examples of development of semicon-
ductor SPECT and SPECT/CT scanners, and of semiconductor PET scanners for 
small animal imaging, are presented. In illustrating those systems, the emphasis will 
be on their technical description.

In order to illustrate the application of semiconductor detectors to small animal 
imaging in the area of microSPECT and microPET, a brief outline follows on the 
physical characteristics of those detectors. Basic terminology, relevant data and 
basic techniques will be introduced for completeness of illustration.

1.1  Basic Principles of Radiation Semiconductor Detectors

Semiconductor detectors for X-rays and gamma-rays in the diagnostic energy range 
for radiography and nuclear medicine (from tens of keV up to some hundreds of 
keV) work by converting the energy of interacting photons into a number of elec-
tron–hole (e–h) pairs transported to the corresponding collection electrodes and 
then by recording this charge (Fig. 2.1). Once a photoelectric or a Compton interac-
tion occurs in the semiconductor substrate, a high-kinetic-energy electron is cre-
ated. The probability of this event determines the quantum efficiency of the detector. 

Fig. 2.1 Schematics of the inelastic interaction of a gamma ray in the detector material, up to 
energies below 1 MeV
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This high energy electron loses its energy in the material by producing phonons and 
energetic e–h pairs, and these electrons and holes can, in turn, produce phonons or 
create secondary e–h pairs, up to the end of their energy loss process where they 
recombine radiatively or through phonon excitation [1].

Semiconductor detectors collect the electrons and holes and produce a signal in 
the readout circuit. Since a part of the charge created can be trapped in semicon-
ductor bulk or anyway is unable to contribute to the electrical signal at the collect-
ing electrode, the charge collection efficiency (CCE) can be less than unity: this 
occurs, e.g., with compound semiconductor detectors in the presence of impurities, 
crystal defects, trapping centers etc. The amount of energy deposited in the detec-
tor volume by each interacting photon is directly proportional to the total number 
of e–h pairs created: for semiconductors, this pair creation energy is roughly in the 
range 3–5 eV/e–h pair (Table 2.1), against, e.g., 13 eV/e–h pair in NaI:Tl scintilla-
tor material. This implies a large signal generated in the semiconductor detector: 
for example, in CdTe a 100-keV photon can generate an average number of ≅23,000 
e–h pairs, so that even in the presence of inefficiencies in the transport and collec-
tion of electron and hole charges, the electric signal can be conveniently amplified 
and the interaction event recorded. To this purpose, the detector dark (leakage) 
current must be kept low, so that the radio-induced signal is well separated from the 
detector noise.

There are two basic schemes for working in low-dark current conditions, which 
employ the diode structure (junction) or the resistive mode. In the first scheme 
(Fig. 2.2, which illustrates the case of high resistivity n-type Si wafers) p-n junc-
tions are realized on the doped detector substrate by implanting p+ regions on one 
side in the form of single detector elements or multi-detector elements (strips, 
pixels) and n+ regions are on the opposite side. Then this diode structure is reverse-
biased: in this case the leakage current flowing in the external circuit is largely 
reduced with respect to forward bias operation.

Table 2.1 Physical properties of some semiconductors for X-ray and gamma-ray imaging [2]

Material

Si CdTe Cd0.9Zn0.1Te Ge

Atomic number(s) 14 48; 52 48; 30; 52 32
Effective atomic number 14 50 49.1 32
Density (g/cm3) 2.33 5.85 5.78 5.33
Bandgap, Eg (eV) 1.12 1.44 1.572 0.67
Electron mobility, μe (cm2/V s) 1,400 1,100 1,000 3,900
Electron lifetime, τe (s) >10−3 3 × 10−6 3 × 10−6 >10−3

Hole mobility, μh (cm2/V s) 480 100 50–80 1,900
Hole lifetime, τh (s) 2 × 10−3 2 × 10−6 10−6 10−3

μeτe (cm2/V) >1 3.3 × 10−3 3–5 × 10−3 >1
μhτh (cm2/V) 1 2 × 10−4 5 × 10−5 >1
Pair creation energy (eV/e−h pairs) 3.62 4.43 4.64 2.95
Dielectric constant 11.7 11 10.9 16
Resistivity (Ω cm) @ 20 °C <104 109 3 × 1010 50
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1.2  Charge Generation and Transport  
in Semiconductor Detectors

Application of a suitable high reverse bias voltage (increasing with the square of the 
substrate thickness) allows to extend the depletion (active) region to the whole 
detector thickness. Once fully depleted, the bias voltage can be further increased 
(before breakdown) in order to increase the strength E of the electric field in the drift 
region of the charge carriers. Alternatively, the (reverse biased) diode structure with 
a surface barrier can be realized by metal–semiconductor (Schottky) anode contact 
on one side, and low-resistive (“ohmic” or “injecting”) metal–semiconductor con-
tact on the opposite side (Fig. 2.3). This structure is used, e.g., with CdTe room-
temperature compound semiconductors by using indium (or titanium/indium) for 
the anode electrode (which forms a high Schottky barrier at the In/CdTe interface) 
and platinum for the cathode electrode; alternatively, p-n junction type contacts can 
be created. In the second scheme (Fig. 2.3), photoconductive operation can be 
implemented by depositing ohmic contacts on both opposite sides of the detector 
substrate (e.g., in a Pt/CdTe/Pt detector). The irradiation geometry is typically head-
on and from the cathode, but edge-on irradiation can be used as well (Fig. 2.3a), e.g. 
with thin detectors, in order to exploit a higher interaction depth and to assure good 
lateral resolution. Application of a high voltage bias assures high E values (e.g., 
103–104 V/cm) and, hence, high drift velocities (ve = μe⋅E; vh = μh⋅E, with μe and μh 
electrical mobilities for electrons and holes, respectively) of the charge carriers gen-
erated by the interacting radiation. Then, in order to keep the leakage current low in 
photoconductive detectors, the semiconductor detector substrate must have a high 
bulk resistivity (e.g., 108–1010 Ω cm) (Table 2.1). Choice of the voltage polarity on 

Fig. 2.2 Basic scheme of Si p–n junction detectors for spectroscopy (single element, a) or imag-
ing applications (b), illustrating the generation, drift and collection of e–h pairs from interacting 
X-rays or gamma-rays
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the signal readout side allows to select the charge carrier type (electrons or holes), 
on dependence of their different electrical mobilities μe and μh, and on their lifetime 
τe, τh, respectively.

Due to presence of electronic levels in the forbidden gap region of the semicon-
ductor corresponding to crystal defects, some electrons and holes are trapped in 
those levels during the drift process, reducing the values of τe, τh for compound 
semiconductors (e.g., CdTe, CdZnTe) to levels (≅ μs) orders of magnitude lower 
than for Si and Ge (≅ ms) (Table 2.1). Typically, charge transport parameters (μ, τ), 
are significantly higher for electrons than for holes and these low μh, τh values cause 
hole trapping and charge loss. This asymmetry of charge carrier transport between 
electrons and holes introduces a dependence of the pulse shape and of the induced 
charge at the anode and cathode collecting electrodes, respectively, on the depth of 
interaction, z, inside the semiconductor detector active thickness, L. If the interac-
tion event occurs close to the cathode (z ≅ 0), hole movement contributes little to the 
charge signal. For interaction at a depth 0 ≪ z < L from the cathode, the charge pulse 
shape depends on the contribution of holes. If the hole drift distance z from the 
cathode is long compared to the average distance before trapping λh = vh⋅τh = μh⋅τh⋅E, 
then the CCE for the induced charge signal Qanode at the anode is reduced, according 
to the following Hecht relation (where q is the elementary charge and N0 is the num-
ber of e–h pairs created by the interacting photon at depth z):

 
CCE

Q

qN

E

L
e

E

L
eanode e e L z E h h z Ee e h h= = −( ) + −( )− −( ) −

0

1 1
µ τ µ τµ τ µ τ/ / .

 

Due to the low μh⋅τh value, the above relationship shows that if the detector thick-
ness L is greater than μh⋅τh⋅E, the collected charge Qanode is less than qN0 by a variable 
quantity in dependence of the interaction depth z. This implies that the peak spectral 
shape due to photoelectric absorption of a gamma ray presents a shoulder (tailing) 

Fig. 2.3 Radiation detectors for spectroscopy (single element, a) or imaging applications with 
segmented contact electrodes (b) can be realized on semiconductor substrates equipped with 
ohmic or with Schottky contacts. As shown by the photon paths, they can be irradiated from the 
front side, from the back side or edge-on
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on the lower-energy side. For example, for CdTe, with the data in Table 2.1, and 
from the above equation, in a 1-mm thick detector biased at −100 V, the estimated 
CCE is 82 % for interaction at 0.1 mm from the anode, 94 % for interaction at detec-
tor mid-depth and 99 % for interaction at 0.1 mm distance from the cathode. For 
these reasons, gamma-ray irradiation from the cathode side and collection of the 
charge signal from the anode side (either continuous or pixelated) are preferred, 
where the electrons are mostly contributing to the signal. In semiconductor arrays of 
gamma-ray detectors, Barrett et al. [3] showed that the effect of hole trapping 
depends on the ratio of the size of the pixel ω to the detector thickness L, and that for 
small pixels (ω ≪ L) the largest contribution to the pixel signal arises from charge 
carriers moving to within a distance ω from the anode plane. Then, if the pixels are 
the anode contacts, the largest signal contribution comes from the electrons, which 
are less trapped than holes, thus preserving CCE and energy resolution. In the case 
of room-temperature semiconductors like CdTe or CdZnTe, this so-called “small-
pixel effect” favors the use of detector arrays with pixels on the anode side and 
irradiation from the cathode (continuous electrode). However, the pixel size has not 
to be too small with respect to the detector thickness: in this case, spreading of the 
charge to adjacent pixels (“charge sharing”) causes partial or total loss of spectro-
scopic information. Intermediate values of the aspect ratio L/ω (e.g., L/ω ≅ 4–5) may 
provide better energy resolution at energies up to 511 keV. For example, a CdTe 
array detector with 75 μm pixels on a 750 μm thickness (L/ω = 10) has poor energy 
resolution (according to simulations at 60 keV [4]) and a CdTe array detector with 
55 μm pixels on a 1 mm thickness (L/ω = 18) has no spectroscopic resolution at all 
[5]; a 5 mm thick CdTe detector had an estimated energy resolution with a minimum 
of 4 % at 140 keV, for an aspect ratio L/ω = 4 [6]. For high-aspect-ratio pixel detec-
tors, summing up the analog signal from a sub-array of adjacent pixels should be 
able to recover the energy resolution, while preserving the spatial resolution.

1.3  From Semiconductor to Semi-insulating Detectors

Room-temperature operation with low leakage current is achieved with high- 
resistivity compound semiconductors like CdTe, semi-insulating GaAs and CdZnTe 
equipped with rectifying contacts as well as with ohmic contacts, thanks to their large 
energy bandgap >1.4 eV (Table 2.1). Since detector-grade compound semiconductor 
crystals (e.g., CdTe) present impurities in their growth which decrease the crystal 
resistivity, doping with suitable atoms during crystal growth (e.g. using Cl in the case 
of CdTe:Cl) is used to electrically compensate such impurities. This produces a semi-
insulating electrical behavior of the crystal. For example, if all impurities are fully 
compensated (ni ≅ n ≅ p), then the bulk resistivity ρi can be calculated as [7]:
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where ni is the intrinsic carrier concentration, n and p are equilibrium concentrations 
of free electrons and holes, respectively: at room-temperature, for Cd0.9Zn0.1Te, the 
above formula allows to derive a resistivity as large as 4 × 1010 Ωcm (i.e., one order 
of magnitude higher than for CdTe).

2  Semiconductor Based Imaging Detectors

2.1  Semiconductor vs. Scintillator Based Detectors

Semiconductor materials have been employed at room-temperature as substrates for 
X-ray and gamma-ray direct-detection imaging systems for small animal imaging 
(10–150 keV), since they are expected to provide a better performance, at least for 
some image quality parameters, than conventional indirect-detection systems, based 
on scintillator crystals coupled to position-sensitive light detection devices. From a 
schematic point of view, there is similarity between the direct and indirect detection 
modes (Fig. 2.4), and both can be operated at room temperature. In indirect- detection 
systems, gamma-rays are absorbed in a phosphor/scintillator layer and their energy 
is converted in a proportional number of visible or UV light photons, following 
primary photoelectron and electron–hole pairs creation processes. The optical pho-
tons migrate isotropically in the scintillator toward the crystal faces. Then, this opti-
cal signal is readout by a photodetector which converts the light photons into an 

Fig. 2.4 Schematic representation of the conversion processes in a scintillator based and in a 
semiconductor based imaging system (adapted from [15])
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intense electron current, after a large amplification. In direct-detection systems, 
gamma-ray photons interact in the (semiconductor) detector volume where the sig-
nal is generated as a proportional number of e–h pairs: under an intense applied 
electric field, these charge carriers are separated and migrate toward the correspond-
ing electrodes, where this drift induces a current which is integrated by a charge- 
sensitive amplifier and converted into a voltage pulse. The photodetector + readout 
circuit in indirect-detection systems could be bulky (e.g. a photomultiplier tube, 
PMT), and this can give relatively more compactness to direct-detection systems, 
though the situation could also be reversed (e.g., with very compact indirect- 
detection systems employing a thin scintillator layer coupled to a Charge Coupled 
Device, CCD). Quantitative differences between the two schemes arise when con-
sidering the statistical fluctuations and the efficiency in the conversion process, the 
total amplification gain, the signal loss processes. All these effects determine the 
detector energy resolution, a spectroscopic parameter considered of importance in 
gamma-ray systems for human imaging as well as for small animal imaging, for 
isotope identification and for scatter rejection. It is of interest to examine briefly the 
above differences, in order to appreciate the merits of semiconductor detectors ver-
sus scintillator based detectors, for gamma-ray small animal imaging.

In the optical detection scheme with scintillators, light signal losses are present 
since it is not possible, in a continuous or in a pixelated scintillator crystal, to trans-
port the scintillation light only toward the crystal side facing the photodetector sur-
face. Indeed, this condition of light guiding toward the output surface can be realized 
in needle-structured scintillators like can be done for CsI:Tl, but in this case the 
absorption thickness is typically limited to a fraction of a millimeter, so that their 
use is limited to low-energy gamma-rays. The light which reaches the other scintil-
lator faces is either absorbed (e.g. by black finishing) in order to avoid distortions in 
the position evaluation due to light reflections, or reflected (e.g. by reflective paint-
ing) in order to increase the light output. In addition, optical losses are present when 
transferring the output light signal to the photodetector window, since coupling 
between two optical surfaces is normally associated with lossy reflections and to 
light loss at the surface borders. A conservative estimate for the efficiency of light 
transport from the point of interaction to the photodetector window is 0.75.

Analogously, charge losses in a semiconductor detector occur in the drift process 
when electrons or holes are trapped in crystal defects, nonuniformities and trapping 
centers, so that the CCE at the electrodes is not unity, even using high-strength 
applied electric fields. For Si the CCE can be close to 1, but for room-temperature 
compound semiconductors one can assume as a conservative estimate CCE ≅ 0.9. In 
the case of a scintillator, the inefficiencies in the conversion processes—including 
the creation of a given number of photoelectrons at the photocathode of the light 
detector—determine the overall energy resolution. Fluctuations in the number of 
e–h pairs radiation-generated in a material are governed by a distribution whose 
variance is proportional, via the Fano factor F, to the average number of e–h pairs 
generated. Let us consider the case of NaI:Tl, where 7,500 e–h pairs are generated 
by a 100 keV interacting photon. These charge carrier produce, via excitation and 
radiative de- excitation, light photons with an efficiency of about 0.54, i.e. about 
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4,000 photons are generated, but of these only 3,000 reach the photocathode (75 % 
light collection efficiency), where they are converted to 600 photoelectrons (assum-
ing 20 % photocathode quantum efficiency). This implies that for NaI:Tl, about 13 
e–h pairs are needed to create one photoelectron in the readout photodetector. For 
high light yield scintillators like LaBr3:Ce (6,300 photons/100 keV) and CsI:Tl 
(6,600 photons/100 keV) the situation is better, with about 1,000 photoelectrons 
generated at the photocathode, for a 100 keV interacting photon. All these factors, 
leading to inefficiencies in the generation of the useful photoelectron signal, are 
independent of each other and ultimately determine a Fano factor F ≅ 1 (i.e., Poisson 
statistics applies) to the process of photoelectron generation with scintillator based 
detectors. On the other hand, an improved overall efficiency in the conversion from 
gamma- ray energy to photoelectron signal is shown by a semiconductor detector. 
For crystalline silicon the conversion factor is 28,000 e–h pairs/100 keV photons, 
and for CdTe it is 22,600 e–h pairs/100 keV photons. F at room temperature is close 
to 0.10 ± 0.04 for Si and for semiconductors of interest (e.g., CdTe, CdZnTe, GaAs) 
at gamma-ray energies of interest [8]. This means that the signal generation process 
has fluctuations governed by a sub-Poissonian statistical distribution. As a result, 
while with LaBr3:Ce scintillators an energy resolution of 2.6–2.9 % at 662 keV has 
been reached [9], the corresponding figure for CdTe is 0.9 % [10]. At 140 keV, a 
continuous LaBr3:Ce crystal 5-mm thick, coupled to a flat panel position-sensitive 
PMT, shows 9 % energy resolution. For CdZnTe, at 140 keV, a 5 mm thick detector 
can have an energy resolution between 3.6 % [11] and 6 % [12], the performance 
being dependent also on the readout electronics.

Analysis of signal conversion gain G and Fano factor F is also useful to clarify 
differences between indirect and direct-detection systems in terms of X-ray intrinsic 
detection efficiency, η, and Detective Quantum Efficiency at zero spatial frequency 
(DQE(0)). It can be shown (e.g., [13]) that for a direct-detection system
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where the term in parentheses is close to zero since F is close to zero and G is large, 
for semiconductor detectors. For an indirect-detection system, the above expression 
is modified so as to take into account the first conversion stage (scintillator) as well 
as the second conversion stage from light photons to electrical charge, with corre-
sponding parameters F2 and G2, so that we have
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The approximation holds after considering that, for scintillators, F1 ≅ 1, G ≫ G1, 
G1 ≫ 1, G1G2 ≫ 1. One can conclude that, on a quantitative basis, the DQE(0) of 
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semiconductor- or scintillator-based detectors for gamma-ray imaging differ 
more on the basis of their intrinsic detection efficiency η rather than on their prin-
ciple of operation.

The faint light signal from a scintillator for a single gamma-ray needs to be 
amplified with high gain (and using high voltages ≅kV) by the readout photodetec-
tor (e.g., a PMT), whereas the charge (electrons or holes) from a single gamma-ray 
in a semiconductor can be collected with a relatively low voltage (≅0.1 kV) and 
integrated with a low gain. These are additional practical advantages of the 
semiconductor- based systems.

2.2  Detection Efficiency of Semiconductor Detectors

For semiconductor detectors with low Z and low density (e.g., Si) (Tables 2.1 and 
2.2, Fig. 2.5) η is unacceptably low for high-energy gamma-rays (e.g., 140 keV) due 
to their limited active thickness (typically ≤1 mm) with respect to scintillator crystal 
thicknesses (several mm). With this major limitation, silicon based detectors have 
find a role in imaging detectors for low-energy X-ray or gamma-ray applications 
(e.g., 125I, microCT), where this mature detector technology can offer high intrinsic 
spatial resolution for in vivo imaging. On the other hand, edge-on irradiation geom-
etry of thin low Z detectors permitted to reach great attenuation lengths even for 
high-energy for 511-keV PET imaging. Conversely, high Z, high density semicon-
ductor based detectors (e.g., CdTe, CdZnTe) (Tables 2.1 and 2.2) offer higher 
absorption efficiency than scintillator based detectors of the same active thickness 
(Fig. 2.6). However, the active substrate thickness of those compound semiconduc-
tor detectors for direct-detection imaging applications is limited to few millimeters, 

Table 2.2 Photon cross sections (linear attenuation coefficients) in semiconductor detectors at 
characteristic energies for small animal imaging

Material
Energy 
(keV)

Compton 
(cm−1)

Photoelectric 
(cm−1)

Total attenuation 
(cm−1)

Mean free 
path (mm)

Si 27.5 0.347 3.542 4.241  2.4
Si 140.5 0.310 0.020 0.350 28.6
Si 511 0.200 4.1 × 10−4 0.202 49.5
CdTe 27.5 0.570 154.4 159.7 0.06
CdTe 140.5 0.614 3.223 4.148  2.4
CdTe 511 0.415 0.091 0.534 18.7
CdZnTe 27.5 0.570 150.3 155.5 0.06
CdZnTe 140.5 0.613 3.052 3.965 2.52
CdZnTe 511 0.413 0.086 0.525 19.0
Ge 511 0.402 0.018 0.433 23.1
BGO 511 0.509 0.396 0.963 10.4

For comparison, cross section data for a Bi4Ge3O12 (BGO) scintillator crystal at 511 keV are also 
reported (data from [14])
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while scintillator crystals are available thick enough to provide high absorption 
 efficiencies at high gamma-ray energies (Fig. 2.6). On the other hand, an increased 
thickness of the scintillator layer increases the light spread and decreases the intrin-
sic spatial resolution obtainable with indirect-detection systems.

For semiconductor detectors, their intrinsic spatial resolution depends on the lat-
eral charge spread which can be controlled via electrode configuration and by appli-
cation of a high electric field, since most drift charge collection occurs close to the 
collecting electrode. This implies that for semiconductor detectors, the pixel size 
can be optimized down to dimensions as small as technically feasible or down to 
otherwise physically limited dimensions (e.g., small pixel effect, lateral charge dif-
fusion, charge sharing due to photon fluorescence or Compton scatter) whilst for 
scintillator detectors, the spatial resolution is related inversely to absorption thick-
ness and hence to absorption efficiency.

2.3  Hybrid Pixel Detectors

The term hybrid detector indicates an assembly made by coupling electrically a 
semiconductor X-ray or gamma-ray radiation detector (the sensor) with a micro-
electronic circuit for signal readout. These detectors were originally developed for 

Fig. 2.5 Quantum efficiency 
of Si (0.3, 1 and 6 mm 
thickness) and CdTe (1 mm 
thickness) detectors 
(calculated with XCOM data 
from [14])

Fig. 2.6 Comparison of the 
radiation energy absorption at 
150 keV in various 
thicknesses of scintillator and 
semiconductor detectors 
(adapted from [15])
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high energy physics applications [16] (Fig. 2.7). Hence, at variance with a  monolithic 
detector in which both the sensor and the readout functions are implemented on the 
same semiconductor substrate, in a hybrid detector one can optimize independently 
the efficiency of radiation detection and the performance of the signal processing, 
since the two functions are implemented on two separate semiconductor substrates 
which can have completely different properties. For example, the analog (micro)
electronics for signal amplification and discrimination as well as the digital logic 
for signal processing are usually realized on low-resistivity silicon wafers, whereas 
the semiconductor substrate for the realization of the radiation detector can be, e.g., 
high-resistivity silicon, Si:Li, epitaxial GaAs, semi-insulating GaAs, CdTe, 
CdZnTe. These semiconductor detectors have a large energy bandgap and they usu-
ally work at room-temperature, but a moderate cooling may be employed for reduc-
ing the detector leakage current and for managing the heat load of the associated 
readout electronics.

For imaging applications, either a pixel geometry or a microstrip geometry have 
been implemented for the detector. In a hybrid pixel detector, the radiation field is 
sampled spatially by a 2D matrix arrangement of detector elements—pixels—and 
the semiconductor sensor is electrically connected pixel by pixel to a pixelated 
readout integrated circuit, ad hoc designed (Application Specific Integrated 
Circuit, ASIC) [18] whose pattern geometry matches that of the pixel detector. The 
high- density interconnection uses typically the bump-bonding technology, i.e. 
interposition of micro (≅10 μm) metal bumps (gold, indium, solder) between the 
pixel and the electronic cell [19] (Figs. 2.8 and 2.9). The production yield of bump-
bonding in terms of fraction of good contacts over the detector array is usually 

Fig. 2.7 (a) Scheme of a hybrid pixel detector, (b) scheme of detector connections, (c) photo of a 
hybrid pixel detector (Medipix2) on the printed circuit board [17]
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Fig. 2.8 Example of high-density indium bump-bonding: the Medipix2 hybrid pixel detector 
bump-bonded to a 700-μm thick silicon pixel detector with 55-μm-pitch pixels. (a) Scheme of 
the detector pixel, where a 36-μm square under-bump metallization (UBM) deposition is made 
at detector and ASIC substrates. (b) Scanning electron micrography of a 14 μm indium bump. 
(c) Patterning at the ASIC substrate showing, in successive magnifications, the pixel matrix array 
and the pixel bonding pads (courtesy of Z. Vykydal, IEAP, CTU, Prague)

Fig. 2.9 (a) Scanning electron microscopy of a hybrid pixel detector, showing the indium bumps 
deposited with a pitch of 55 μm on the ASIC circuit. In (b), after hybridization, the sensor (a 1-mm 
thick CdTe detector) has been partially removed with a high strength force (scratched assembly). 
In (c) is a zoomed image of the bumps (courtesy of E. Manach, CEA-LIST, Saclay, France)
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>95 % and it may be >99.9 %; a high yield is found as well for pixel detector 
contact technology (Fig. 2.10).

The bump-bonding can be obtained either at high temperature (e.g., from 400 °C 
down to 180 °C, at the temperatures of solder bonding) or in a “cold” condition 
(e.g., 80 °C), as occurs in the flip-chip indium bonding technique where typically a 
bump is positioned on a specific bonding pad realized on both wafers (sensor and 
readout chip) and the two wafers are then pressed together with a force of some tens 
of N per chip, in order to establish mechanical and electrical connection [20]. The 
choice of the bonding technology depends also on the temperature requirements of 
the semiconductor substrate: for example, CdZnTe detector arrays are sensitive to 
high temperature exposures, so that hybridization is carried out in the range 
60–150 °C [21]. External connection of the readout chip to the readout interface is 
normally done with fine pitch ultrasonic wire bonding. In this imaging detector one 
continuous electrode is on one side (into which the radiation is incident) and a pix-
elated electrode structure is on the other side (Fig. 2.11).

In a hybrid detector each pixel may correspond to the junction of a diode struc-
ture (e.g., Fig. 2.11, where a p+n junction is formed on the pixel side), or the detector 
works in the photoconductive (ohmic) mode. By applying a voltage bias between 
the two electrode sides, an active region is formed as the depletion layer in a junc-
tion detector or as the whole semiconductor substrate volume, for ohmic detectors. 
The electron–hole pairs—generated by the interaction of gamma-ray photons in the 
detector active region—are separated by a high-strength electric field, fast enough 
to prevent recombination. Charge drift then occurs towards corresponding elec-
trodes, and at the end of the drift process an induced charge (either electrons or 
holes, depending on the voltage polarity) can be collected at the pixel side.

The bias voltage polarity is selected so as to prefer the collection of the charge 
carrier type which exhibits the best transport properties in the semiconductor sub-
strate, in the presence of charge trapping and de-trapping effects, material defects, 
different electron and hole mobilities, lateral charge diffusion (Fig. 2.12). The coor-
dinate of the hit pixel(s) identifies the interaction position, while the information on 

Fig. 2.10 Microphotography of a semiconductor pixel detector (CdTe, ohmic contacts) with 
square pixels of 55 μm pitch, prior to hybridization with the readout ASIC, showing various types 
of localized defects in contacts manufacturing. In the case shown the fraction of defective contacts 
over the matrix array was found to be only 10−4 (courtesy of J. Ludwig, Freiburg University, 
Germany)
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Fig. 2.11 Explaining the principle of operation of a hybrid pixel detector working in single photon 
counting. A single detector pixel is shown, realized as a p–n junction on a high resistivity Si sub-
strate. The radiation-generated electron–hole pairs drift in the sensor active region under the applied 
electric field and the total charge reaching the pixel electrode is collected and processed by the pixel 
cell electronics. Either holes (as in the case depicted) or electrons can be collected, in dependence 
of the bias voltage polarity. The signal is passed through a charge-sensitive amplifier, its level is 
compared with a set threshold level and the number of interaction events (photons) is counted, for 
which the signal is higher than the threshold (courtesy of J. Jakubek, IEAP, CTU, Prague)

Fig. 2.12 Plot of the time evolution of the spatial distribution of 10,000 e–h pairs generated by a 
42-keV photon interacting in a semi-insulating GaAs pixel detector, as determined by simulations. 
The 200-μm thick detector is biased at 200 V with the pixel side grounded (hole collection). The 
detector has 50-μm pitch pixels and the charge creation is supposed to occur at a depth of 25 μm 
below the surface on the pixel side, at the center between two adjacent pixels. For display conve-
nience, the cloud of electrons (e−) has been slightly separated laterally with respect to the cloud of 
holes (h+). The five plots show the drift of the e− and h+ clouds towards the collecting anode and 
cathode, respectively, as well as their lateral and vertical spread by electrical diffusion, at different 
time intervals Δt from the creation time, from 0.03 up to 4.4 ns. The grey scale of the e− and h+ 
distributions indicates the charge carrier concentrations in the semiconductor bulk (data from [28], 
reproduced with permission)
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the photon energy is given by the total collected charge, which is proportional to the 
deposited energy in the pixel(s). The signal due to the collection of the charge gen-
erated by a single photon or by many interacting photons is processed in each pixel 
electrode.

A hybrid detector can work in current mode or in photon counting mode. In 
single photon counting—where the pixel electronics in the readout chip is fast 
enough to identify and process each interacting photon during the exposure—the 
readout electronics of each cell may include a charge sensitive preamplifier, a sin-
gle- or multiple-level discriminator and a counter or a series of counters (Fig. 2.11). 
A matrix-level global discriminator is normally settable for all pixels, while fine 
regulation of this threshold at pixel level is generally available in readout ASICs in 
order to compensate for small differences in the amplification of the cells. The 
global threshold can be regulated via the interface electronics which connects the 
hybrid pixel detector to the digital acquisition system. With just one discriminator 
level, the image matrix readout at the end of the exposure contains the total number 
of photons depositing, in each pixel, an energy higher than the threshold. A usual 
setting for this energy threshold is just above the system noise. With two discrimina-
tor thresholds available per pixel, energy windowing can be implemented for dis-
criminating single photons on the basis of their energy, e.g. as required in gamma-ray 
imaging in nuclear medicine with radioactive tracers for radionuclide identification 
and tissue scatter rejection. With the availability of more than one counter per pixel 
and multiple thresholds, multi-energy (“color”) single photon imaging is feasible 
(e.g., [22]), thus adding spectroscopic performance to the photon counting scheme.

In current mode, the collected signal at readout electrodes is due to the total 
induced current by all photons interacting in the detector pixel during the exposure 
time. This mode is typically used for high intensity radiation fields as occurs, e.g., 
for X-ray Computed Tomography imaging.

2.4  Microstrip Imaging Detectors

Microstrip detectors, originally developed for high energy physics and then used in 
medical imaging for digital radiography [23–25] and digital autoradiography [26, 
27] use a semiconductor substrate (e.g. Si, CdTe, CdZnTe, GaAs, HgI2) of thickness 
typically a fraction of a mm, on which segmented electrodes are deposited in the 
form of thin (≅10–20 μm), long (e.g. 3–6 cm) strip metal contacts. These strips act 
as charge collecting electrodes for the underlying detector structures, which are 
either p–n junctions or Schottky barrier strip diodes (Fig. 2.13).

For Cd(Zn)Te, ohmic contacts as well as metal–semiconductor barriers can be 
realized on either or both detector sides. In very schematic and simple terms, the 
principle of operation of microstrip detectors is the following. For the realisation of 
a 1D detector, only one side of the detector (Junction side) is equipped with n paral-
lel microstrips, and the opposite side is covered with a uniform contact. Under 
external bias, radio-induced charges (electrons and holes) drift toward their respec-
tive collecting electrode, and on the Junction side, single-polarity charge is 
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collected only in one or a few adjacent strips. This gives the 1D position information 
of the coordinate of photon interaction. In 2D (double-sided) microstrip detectors, 
the back (Ohmic) contact is also equipped with m parallel microstrips, but orthogonal 
to the n microstrips on the junction side.

The Ohmic microstrips collect single-polarity charge carriers (electrons, in the 
case of reverse-biased microstrip detectors) and provide a 1D position information, 
too. The charge drift motion lasts a few ns, typically. By analyzing the temporal 
coincidence of signals on the Junction and Ohmic sides, the coordinate on one side 
(X) can be coupled (electronically on-line or via software, off-line in list-mode acqui-
sition) with the orthogonal coordinate (Y) on the other side, giving a hit count in the 
projected (X, Y) coordinates of the photon interaction point. This allows one to recon-
struct the number of interacting photons in each “pixel” of the n × m image matrix. In 
the case of charge sharing between adjacent microstrips, which produces above-
threshold signals in (a few) close strips, the derivation of a center-of-charge (spatially 
weighted sum of strip charge signals) allows the spatial resolution to increase beyond 
the limit intrinsically given by the strip pitch ω (mm), up to (2.35/√12)⋅ω (mm 
FWHM) for a uniform distribution of irradiation position between strips.

3  Imaging Requirements of SPECT and PET  
Small-Animal Scanners

3.1  MicroSPECT

99mTc and 125I are the basic radionuclides in small animal SPECT imaging [1]. The 
latter has gained attention recently due to its low-energy X-ray (27.5 and 31.0 keV, 
with total emission probabilities ≅90 %) and gamma-ray emissions (35.5 keV), 

Fig. 2.13 Schematic drawings of a double-sided silicon microstrip detector, showing principle-of- 
operation of the device for 2D photon counting. On a (Junction) side a high-resistivity n-type sili-
con substrate, p+ strip are implanted to form a series of parallel junctions; n+ parallel strips are 
implanted on the back (Ohmic) side, orthogonally to the other set of strips. An aluminum contact 
is deposited on the strips for electrical connection to the readout circuit
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which allow to use collimators with small apertures and provide high system spatial 
resolution [29], but which also cope with the detection efficiency of low Z (e.g. 
Si:Li) [30] or thin (e.g. 1 mm CdTe) [31] semiconductor detectors. For imaging 
tasks and quantification of radioactive distribution in small animal organs, tissue 
scattering and attenuation have to be considered, since the different photon energies 
of the two radionuclides determine a specific different scenario. In fact, at 27.5 keV 
the Compton and photoelectric attenuation coefficients in water are comparable, 
while at 140 keV photoelectric absorption is negligible with respect to scattering 
(Fig. 2.14c, Table 2.3).

Monte Carlo simulations [32] showed that in a water cylinder of a few cm radius, 
used as a mouse phantom, the scatter-to-primary ratio (SPR) can be as high as 30 % 
for 125I and 10 % for 99mTc (Fig. 2.14b). The total attenuation can determine an 
underestimation of the reconstructed activity at the center of the phantom by as 
much as ≅25 % (99mTc)–50 % (125I) (Fig. 2.14a).

Fig. 2.14 (a) Simulation of the level of radioactivity for a 125I source (open squares) or a 99mTc 
source (filled squares) as a function of the radius of a water cylinder in which the source is 
immersed axially. The source is a radioactive sphere of 2 mm radius. Data show that due to photon 
attenuation, the reconstructed radioactivity can be underestimated. (b) In the same geometry, the 
simulated scatter-to-primary ratio is significantly higher for 125I than for 9mTc. The parameters and 
interaction data used in the simulation are indicated in the table in (c) (data from [32], reproduced 
with permission)
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Thus, high energy resolution as a method of scatter rejection could more be of 
concern at low photon energies than at 140 keV, where SPR values are expected to 
be below 10 % in the injected mouse.

At variance with scintillator based detectors, semiconductor detectors offer good 
energy resolution at 125I energies. However, tissue Compton discrimination at 
≅30 keV is difficult since the scattered photon energy is too close to the primary 
photon energy. On the other hand, the actual influence of tissue scattering in low-
count rate small animal imaging is task dependent (and observer dependent), and in 
imaging of small organs at a reduced Field of View (FoV) with a low injected activ-
ity, the system sensitivity could play a more crucial role. System sensitivity in 
SPECT with semiconductor detectors can be recovered by exploiting signal multi-
plexing (e.g., multi-pinhole apertures) and/or complex detector structures with mul-
tiple heads. As an example of the first solution, Fig. 2.15 shows a planar in vivo 125I 
image of the mouse thyroid taken with a high resolution CdTe pixel detector, suc-
cessively coupled to a parallel hole collimator with 0.1 mm holes, or to a 0.3 mm 
pinhole or to a coded mask with 460 holes of 70 μm size. Here, the count rate was 
increased by two orders of magnitude with the coded mask as compared to a 0.3 mm 
aperture pinhole, yet providing sub-mm spatial resolution.

Table 2.3 Photon cross sections (linear attenuation coefficients) in water at characteristic energies 
for small animal imaging (data from [14])

Energy (keV) Compton (cm−1) Photoelectric (cm−1) Rayleigh (cm−1) Total attenuation (cm−1)

27.5 1.82 × 10−1 1.94 × 10−1 5.41 × 10−2 4.30 × 10−1

140.5 1.50 × 10−1 9.05 × 10−4 2.77 × 10−3 1.54 × 10−1

511 9.58 × 10−2 1.78 × 10−5 2.15 × 10−4 9.60 × 10−2

Fig. 2.15 Example of the improvement in sensitivity and a high spatial resolution provided by 
collimator aperture multiplexing. The mouse thyroid was imaged in vivo with 125I radiotracer using 
the same CdTe detector (1 mm thick, 55 μm pixel pitch) coupled either to a parallel hole collima-
tor, or to a 0.3 mm pinhole or to a coded mask with 460 apertures of 70 μm size. The exposure time 
per image was fixed to 20 min. The coded mask image was median filtered with a two pixel kernel
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A distinctive feature of semiconductor array detectors is that they could in 
 principle be used for both SPECT and X-ray Computed Tomography (CT) small 
animal imaging. Indeed, in addition to working in current mode with high-flux 
X-ray imaging capabilities, Si, CdTe and CdZnTe based pixel detectors working in 
single photon counting have been produced, which can be used at the same time for 
low-count rate gamma-ray imaging and for high-count rate X-ray (micro)CT. An 
example is the CdTe gamma-ray/X-ray camera built by AJAT Oy Ltd. (Espoo, 
Finland) with 44 × 44 mm2 sensitive area of 0.25 × 0.5 mm2 pixels on a 0.75-mm 
thick substrate [4], or the Si [33] or CdTe [34, 35] based pixel detectors realized by 
the Medipix2 collaboration for X-ray imaging as well as for gamma-ray imaging 
[6, 36]. Those semiconductor detectors provide a useful spatial resolution for 
 combined X-ray/gamma-ray imaging on the same small animal SPECT/CT semi-
conductor system.

3.2  MicroPET

There are two basic requirements for high performance small-animal PET imaging: 
high sensitivity and high spatial resolution; current commercial systems show 1–2 
mm FWHM resolution with 2–7 % sensitivity (see Sect. 6). Spatial resolution in 
microPET is limited by fundamental processes of positron emission and annihila-
tion, and improvements come from the reduction of limitations from detector geom-
etry (detector dimensions and depth of interaction effects) and from detector physics 
(detector internal scatter and multiple interactions). A semiconductor based scanner 
can provide the solution toward sub-millimeter resolution, but improvements in sen-
sitivity are expected as well, in a technological trend toward a target performance of 
detecting in vivo 0.1–1 mm3 active volumes with 20 % sensitivity. High sensitivity 
results from high solid angle coverage, high detection efficiency and efficient use of 
all interaction events. As a typical strategy to improve sensitivity, the high density 
detector material should surround the animal body and its absorption thickness 
should be sufficient at 511 keV. A stack of thin (semiconductor) detectors is a pos-
sible solution. Gamma mean free path at 511 keV in semiconductor detectors range 
from 18 to 19 mm for CdTe and CZT, to 23.1 mm for Ge and 49.5 mm for Si, as 
opposed to 10.4 mm for a BGO crystal (Table 2.2). These figures imply that ade-
quate sensitivity would be provided by a detector with ≅20 mm absorption thick-
ness for CdTe, CZT and Ge, and ≅50 mm for Si. For adequate field coverage in 
mouse PET imaging with semiconductor crystals, the axial FoV could be ≅40 mm 
and the transaxial FoV ≅ 50 mm, with available detectors.

As described in Sect. 3.1, imaging in small animals may not require necessarily 
the precise determination of the energy of photons transmitted by the animal body, 
since the tissue interaction volume is very limited and Compton scattering in the 
animal body is of decreasing relevance as the photon energy increases (Table 2.3) 
and can be modeled. For PET energies, at 511 keV, the Compton scattering cross 
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section in water is 64 % of that at 140 keV, so that following the discussion related 
to Fig. 2.14, the scatter-to-primary ratio in a small-animal is estimated to be less 
than 10 % and it is less important than in clinical PET. This implies that in small 
animal PET imaging, photon counting (without energy information) could be a suit-
able acquisition strategy. As a consequence, it may not be necessary to determine 
the full energy peak in the spectroscopic analysis of the energy deposition by a 511- 
keV photon in the detector material. This signal analysis is usually performed in 
PET detectors where photons are counted if their energy deposit in the detector 
material is higher than a given high threshold (e.g., 350 keV). If Compton interac-
tion in the detector is to be exploited for event identification, then low Z semicon-
ductors can play a role. For example, at 511 keV, for BGO scintillator the Compton 
cross section is 53 % of the total attenuation coefficient whilst for Si, the Compton 
fraction is 99 % (Table 2.2). Moreover, in low Z materials the probability of multi-
ple incoherent scattering is low with respect to high Z scintillator crystals of com-
parable thickness, this meaning that for 511-keV incident photons the fraction of 
single Compton interaction events is large. As a consequence, identification of the 
position of the (first) Compton interaction is favored and the line of flight of the two 
back-to-back 511 keV photons can be determined with greater accuracy than in the 
case of multiple interactions in the scintillator(s).

4  CdTe and CdZnTe Semiconductor Detectors

CdTe:Cl single crystals are typically grown by the Traveling Heater Method (THM) 
in ingots as large as 75–100 mm in diameter: this allows to cut wafers up to 
50 × 50 mm2 from which imaging detectors as large as 25 × 25 mm2 can be derived 
[37], with a typical thickness of 1 mm. On such crystals, either ohmic or Schottky 
contacts are realized, in order to fabricate an ohmic-type (photoconductive) detector 
or a Schottky-type detector (Fig. 2.16).

CdTe detectors equipped with ohmic contacts show a stable response over long 
times and moderately good energy resolution (8–9 % at 122 keV), whereas Schottky 
contacts result in CdTe detectors with higher energy resolution (4–5 % at 122 keV) 
and count rate capabilities (Fig. 2.16). Stability of response refers to the so-called 
polarization phenomenon, observed for Schottky CdTe detectors, whereby soon 
after applying the detector bias voltage the energy resolution degrades and the pho-
topeak channel decreases, this process continuing for some hours after start of func-
tioning. Working at high bias voltages, as well as periodically interrupting the bias, 
helps reducing the polarization effect [37].

CdTe diode detectors show less leakage current than CdZnTe detectors of com-
parable thickness and this allows to use higher bias voltages: this, in turn, permits to 
exploit the better charge transport properties of CdTe with respect to CdZnTe which 
results in better energy resolution. At 22 keV, the resolution of a 3 × 3 × 1 mm3 com-
mercial CdTe diode detector can be as good as 0.43 keV [10] (see Fig. 2.16).
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CdTe and CdZnTe semiconductor detectors allow to assemble compact and 
lightweight gamma cameras. However, since it is difficult and expensive to produce 
large volume semiconductor crystals with good spectroscopic quality, typical detec-
tor arrays can be realized on volumes up to 20–30 mm by side and 1–2 mm thick-
ness. The pixel size is around 1 mm but pitch values of a fraction of a mm have been 
realized, and a pitch of ≅50 μm is feasible. The limited sensitive area suggests to 
cover a large FoV and to increase system sensitivity by assembling a few detector 
heads around the animal. Several groups have developed compact gamma cameras 
based on thick CdTe or CdZnTe semiconductor detectors, for small animal planar 
and SPECT imaging, with single-head units as well as multiple-head detectors dis-
posed around the animal with suitable collimators. In its turn, a single detector unit 
may be composed of a mosaic of small matrices detectors (e.g., 4 × 4): this approach 
allows to work with thick detector substrates (e.g., 5-mm thick) which however are 
typically of small-size pixels (e.g., 1.6 × 1.6 mm2) [12]. Array matrices of pixel 
detectors based on CdTe or CdZnTe substrates can be as large as 48 × 48 [38] or 
64 × 64 at 380 μm pitch [39], 120 × 80 at 130 μm pitch [40], 256 × 256 at 55 μm pitch 
[5] (Table 2.4).

Fig. 2.16 Scheme of ohmic (a) a Schottky-type (b) CdTe detectors, and corresponding typical 
spectroscopic performance for 1-mm thick single-element detector of 4 × 4 mm2 [37]
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5  Semiconductor Based SPECT Scanners  
for Small-Animal Imaging

In the following, some experimental scanners based on semiconductor detectors, 
designed for small animal SPECT imaging, will be described, with the aim of pro-
viding technical details useful for detector technology evaluation.

5.1  University of Arizona SPECT/CT System

The University of Arizona group (Center for Gamma-Ray Imaging, CGRI) has 
developed CdZnTe detector arrays for gamma-ray imaging with sub-millimeter 
pitch, with most work dedicated to the development of 380-μm-pitch 64 × 64 
detector arrays [38, 39, 44, 47, 56, 57]. A prototype SPECT system (combined 
with a CT head for dual-modality SPECT/CT imaging) for small animal imaging 
using one such detector head has been realized in 2002 [44, 47] and is currently 
in use for 99mTc mouse imaging studies (Fig. 2.17). Its spatial resolution is 
1–2 mm [44].

The 25 × 25 × 1.5 mm3 CdZnTe detector ([44], or 25 × 25 × 2 mm3 CdZnTe detec-
tor, [47]) is segmented on one side, via gold contact electrodes, in 330 μm square 
pixels with 50 μm inter-pixel gap, while a continuous gold contact is on the other 

Table 2.4 Characteristics (substrate thickness L, pixel pitch ω, aspect ratio L/ω, energy resolution 
ΔE/E at 122 keV) of some CdTe and CdZnTe detectors for gamma-ray imaging

Material L (mm) ω (mm) L/ω ΔE/E (%) References

CdTe 0.5 0.675 0.7 7.3 [41]
CdTe 0.75 0.5 1.5 3.9 [4]
CdTe 1 0.055 18.2 – [5]
CdTe 1 0.35 2.9 2.5 [42]
CdTe 1.2 1.4 0.9 4 [43]
CdTe 1.5 0.38 3.9 – [44]
CdTe 2 3.07 0.7 5 [45]
CdTe 5 1.4 3.6 7.8a [46]
CdZnTe 2 0.38 5.3 10a [38, 39, 47, 48]
CdZnTe 3 0.5 6.0 4.7 [21]
CdZnTe 5 2 2.5 3–4 [49]
CdZnTe 5 2.46 2.0 – [50]
CdZnTe 5 2.1 2.4 4.5a [51, 52]
CdZnTe 5 1.8 2.8 3.6a [53]
CdZnTe 5 1.6 3.1 4.4 [54]
CdZnTe 6 4.5 1.3 6.5 [55]
aAt 140 keV
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side. The continuous electrode is at a negative −140 V potential with respect to the 
pixel side, where the charge collected is due to electrons. The acrylic mouse holder 
(a 1-in. diameter tube) is vertical. A polyacetal (Delrin™) nose piece is used to 
further restrain the animal and to connect to the tube for gas anesthesia. The pixel 
detector is indium bump-bonded to a readout ASIC. The system is mounted on an 
optical table and contained in an Al enclosure of 79 × 48 × 46 cm3 with 1.5 mm Pb 
shielding. This is a very compact imaging system whose basic design is a potential 
provider of reliability, ease of operation, low cost of realization and maintenance. 
It is in use since 2002 for various mouse imaging studies, a list of which is provided 
in Table 2.5.

Fig. 2.17 Views of the dual modality SPECT/CT system developed by the Center for Gamma- 
Ray Imaging at the University of Arizona [60], based on a CdZnTe hybrid pixel detector. The 
detector head (rightmost image) is also used for spot imaging

Table 2.5 Projects done or ongoing with the small animal SPECT/CT system at U. Arizona [58]

Study Radiotracer

Induced lung adenomas in mice 99mTc-sestamibi, glucarate, depreotide
Lymphedema in mouse models 99mTc-sulphur colloid
Detection of bone metastasis in mice 99mTc-MDP
Imaging mouse femora attached by strain gauges 99mTc-MDP
Neuroblastoma bone metastases 99mTc-MDP
Mechanism of Glucarate uptake in tumors 99mTc-glucarate
Tumor targeting of 99mTc-VIP 99mTc-VIP-Taxol
Apoptosis imaging in tumors 99mTc-C2A-GST
Dynamic SPECT imaging of mouse and rat lung 99mTc-MAA
Imaging bone metastasis in mice 99mTc-MDP
Tumor glucose uptake 99mTc-ECDG
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5.2  University of Arizona SemiSPECT System

The evolution of the combined SPECT/CT system realized by the CGRI group at U. 
Arizona is the SemiSPECT small animal SPECT system (Fig. 2.18) [48, 59]. This 
is a very complex and high performance small animal SPECT imager, which 
employs eight compact detector heads based on CdZnTe detectors each realized on 
27 × 27 × ≅2 mm3 substrates (64 × 64 pixels each, 380 μm pitch, ≅2 mm thickness) 
biased at −180 V. This detector has 31 % detection absorption efficiency at 140 keV 
±15 % photopeak, and 54 % in the full energy range 30–200 keV. In order to reduce 
the leakage current, the detector heads are cooled, usually in the range from −10 to 
+10 °C, thus also removing the heat generated by the readout ASIC. The readout 
frame rate for each array is as large as 1,000 fps. The cylindrical FoV is 32 mm 
diameter × 32 mm height and the magnification at the center of the FoV is m = 0.8. 
The scanner is equipped with eight 0.5-mm aperture pinholes (0.77-mm effective 
diameter at 140 keV) which provide a calculated planar resolution of 1.80 mm at 
FoV center and a system sensitivity of 5 × 10−5. The performance of the single detec-
tor head is 10 % energy resolution at 140 keV, obtained by summing the signal in a 
3 × 3 array of adjacent pixels. A resolution of 1.45 mm FWHM has been reported 

Fig. 2.18 Views of the small animal SPECT system SemiSPECT developed by the CGRI group 
at the University of Arizona [48, 60]. The system is based on eight CdZnTe semiconductor detector 
modules each of 27 × 27 × 2 mm3 and 64 × 64 pixels
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[48]. Projects ongoing on small animals with the use of SemiSPECT include a study 
on “human lung-cancer xenografts using 99mTc-glucarate” and “Myocardial infarc-
tion in mouse heart model using 99mTc-tetrofosmin, 99mTc-glucarate” [58].

5.3  University of Vanderbilt SiliSPECT System

The group at Vanderbilt University (Nashville, TN, USA), with collaborations from 
University of Arizona and University of Pennsylvania, has designed and realized a 
small animal scanner based on double-sided silicon microstrip detectors for SPECT 
imaging with 125I [61–66]. This is a semiconductor based, high-resolution, station-
ary imager which employs focused multi-pinhole collimators for imaging small- 
sized objects (10–15 mm in diameter), e.g. the mouse brain, at a distance of 
20–30 mm (Fig. 2.19). The SiliSPECT system is an example of a highly specialized 
imaging system in which apparently sub-optimal parameters (low detection 

Fig. 2.19 (a) The detector plane of SiliSPECT, a small animal scanner based on double-sided sili-
con microstrip detectors built at Vanderbilt University. The figure shows the module hosting the 
semiconductor detector, the readout ASICS and the data acquisition electronics. (b) Lab test setup 
for housing the detector head and for interfacing. (c) View of the SiliSPECT prototype, made by 
two heads positioned at 90°, each containing two stacked detector planes ([67, 68], reproduced 
with permission)
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efficiency of silicon detectors, low geometric efficiency of small-aperture pinholes, 
small FoV, high image multiplexing) are used with advantage by focusing on spe-
cialized imaging tasks, e.g. in vivo imaging of Amyloid Beta plaques in a mouse 
brain with 0.1 mm resolution [66]. These systems will likely be developed in larger 
numbers in the future, since each animal imaging task has its own peculiarities, to 
be matched by specialized hardware and software solutions.

The silicon detectors of SiliSPECT have a (fully depleted) active thickness of 
1 mm, starting from the first tests with a 0.3 mm thick substrate; the strip pitch is 
59 μm and the detector strips are 1,024 (J side) + 1,024 (Ω side), for an equivalent 
sensitive area of 60.4 × 60.4 mm2. The use of two stacked detectors (Fig. 2.20) 
allows to increase the detection efficiency, which is less than 29 % at 30 keV for a 
single 1-mm thick Si detector (Fig. 2.5). In the list-mode acquisition and readout 
circuit, time stamping for coincidence processing between J-side and Ω-side 
microstrips is at 40 MHz clock frequency: the strip number, event time, event ADC 
value, are stored in two separate lists for the two detector sides, and coincident 
events are recovered off-line with a resolution of about 300 ns [67]. The use of a 
large number of close imaging apertures determines a large multiplexing on the 
image plane, so that image quality parameters (sensitivity, spatial resolution, noise, 
SNR) are not related by simple relationships to the geometrical parameters (pinhole 
shape, aperture, orientation and position on the collimator plane, object distance). 
These relationships must describe the uncertainty in the source ray direction arising 
from the uncertain identification of the aperture which the gamma-ray has passed 

Fig. 2.20 Schematic 
diagram of SiliSPECT, 
showing the two detector 
heads each  
made of two stacked silicon 
microstrip detectors and 
coupled to a focused 
multi-pinhole array of 
small-aperture collimators 
(adapted from [61], 
reproduced with permission)
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through. Moreover, imaging performance depends on the imaging task. For 
SiliSPECT, Monte Carlo simulations indicate that by using small acceptance angle 
(30°) knife-edge pinholes, or cylindrically shaped pinholes, focused toward the cen-
ter of the FoV, the system sensitivity can reach 0.07–0.08 % using 127 focused 
pinholes of 0.25 mm diameter for each detector head [68]. The reported intrinsic 
resolution (59 μm) is the strip pitch [62], and the system sensitivity can be as good 
as 0.27 mm FWHM [61]. The SiliSPECT project is on-going, and experimental 
SPECT images of the mouse brain in vivo are expected.

5.4  University and INFN Napoli MediSPECT System

The MediSPECT small animal scanner is the SPECT part of a combined radionu-
clide/optical fluorescence reflectance imaging system (MediSPECT/FRI) realized 
by the University and INFN Napoli, Italy [36, 69–71] (Fig. 2.21). Most of the work 
has been dedicated to the development of the radionuclide subunit. MediSPECT is 
based on a CdTe detector (1-mm thick substrate) [34] hybridized via solder bump- 
bonding (AJAT, Finland) with the Medipix2 single photon counting ASIC [72] real-
ized by the European Medipix2 collaboration [34, 73–75] (Figs. 2.22 and 2.23a). 
The semiconductor detector is a CdTe:Cl pixel detector fabricated on customer’s 
specifications by ACRORAD (Japan) with the Traveling Heater Method (Fig. 2.23b). 

Fig. 2.21 Photo of the 
MediSPECT/FRI scanner for 
combined SPECT and planar 
optical imaging in small 
animals. The Fluorescence 
Reflectance Imaging part is 
based on a cooled 
monochrome CCD camera, 
halogen lamp with fiber optic 
light guides, excitation/
fluorescence filters. The 
SPECT scanner is based on a 
CdTe hybrid pixel detector of 
the Medipix2 series, coupled 
to high resolution pinhole, 
parallel hole or coded 
aperture mask collimators
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Fig. 2.22 MediSPECT is based on a hybrid pixel detector consisting of a CdTe pixel detector (1 
mm thick, with ohmic contacts on both sides) and a Medipix2 readout ASIC with 55 μm square 
cells, as shown in this scheme

Fig. 2.23 (a) Printed circuit board hosting the CdTe pixel detector hybridized with the Medipix2 
CMOS readout ASIC, adopted in the MediSPECT scanner. (b) Scheme of the CdTe pixel detector 
of the MediSPECT scanner
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The detector has platinum ohmic contacts on both sides and its thickness is 1 mm. 
The contact side facing the Medipix2 readout chip side is pixelated in a matrix array 
of 256 × 256 square pixels of 45 μm side, 10 μm interpixel gap and 55 μm pitch 
(Fig. 2.23b), for a sensitive area of 14.08 × 14.08 mm2. The detector is operated in 
the photoconductive mode with a bias voltage of −100 V (0.5 μA detector leakage 
current), determining electron collection at the pixel side. The Medipix2 cell is 
55 × 55 μm2 and it contains a charge sensitive preamplifier, a double threshold dis-
criminator and a 13-bit pseudo-random counter. The Medipix2 photon counting 
microelectronic circuit has demonstrated a counting linearity up to 330 kHz/cm2 
[75], while the readout frame rate with the serial readout interfaces can be set typi-
cally to a maximum of a few frame per second (fps), though 50 fps have been reached 
with this serial interface [76] and frame rates up to 500 Hz have been reported. The 
dark count rate of this hybrid detector in the laboratory at room temperature is 
8 × 10−3 cps/mm2 [5]. A dedicated serial electronic interface and a software interface 
are used for connection to a personal computer, in order to read out the data stream 
from the Medipix2 ASIC and to display the 256 × 256 × 13 bits raw image.

The Medipix2 readout ASIC has two detection thresholds, which permit photon 
energy discrimination via counting all interacting photons with energy in a window. 
This feature is a common basic requirement of a gamma camera, where photon 
energy selection around the main photopeak of the injected radionuclide emission 
allows to efficiently reject the Compton scattering in the tissue. Compton rejection 
is normally considered important for 99mTc (140 keV) imaging, due to predomi-
nance of Compton scattering over photoelectric absorption in tissue. For 125I mouse 
imaging the low energy of the X-ray and gamma-ray emission peaks (27.5, 31.0, 
35.5 keV) increases the proportion of photoelectric events in tissue, but the scatter-
to-primary ratio is even higher than that at 140 keV, as shown in Sect. 3, so that in 
principle Compton rejection strategies are of concern in 125I imaging. On the other 
hand, the overall image blurring effect of Compton scattering cannot be too relevant 
for mouse imaging, due to limited tissue absorption length (a few cm).

This is shown in Figs. 2.24 (for 99mTc) and 2.25 (for 125I), where CdTe-detector 
spectroscopy of the radiation emitted by an injected mice or a PMMA phantom 
shows limited influence of Compton scattering in the sample. However, the 
MediSPECT CdTe hybrid pixel detector has such a fine pitch (55 μm) that a single 
140-keV gamma-ray interacting in the detector volume deposits its energy in more 
than one pixel, due to photoelectron range and to the emission of fluorescent radia-
tion absorbed at a small distance from the first interaction point. This “charge shar-
ing” effect imposes a limit to the ultimate spatial resolution of fine pitch pixel 
detectors. Extensive studies for this specific CdTe hybrid detector [34, 77–79] per-
mit to derive that, on the average, a single 122 keV gamma-ray deposits its energy 
in 2.1 detector pixels of 55 μm pitch. This implies that the energy deposition is 
fractioned in two or more pixels, so that spectroscopy information is not preserved 
in the pixel. For this reason, the Medipix2 CdTe detector employed in the 
MediSPECT scanner is operated with a single low-energy detection threshold of 
about 20 keV, thus counting all interacting photons with energy above this 
threshold.
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For 125I imaging in small animals (4–5 cm thick) this condition of spectroscopy 
deficit could deteriorate, according to simulations in [32], the detection performance 
due to the relevance of Compton scattering (see Fig. 2.14). However, in vivo 125I 
thyroid imaging in the mouse has demonstrated a spatial resolution down to 
≅0.1 mm in planar imaging [31] and sub-mm resolution in SPECT imaging (see 
below). Analogously, it has been observed that for 99mTc imaging in a 5-cm thick 
Lucite phantom the use of just a single low-energy threshold does not impair the 
spatial resolution (Fig. 2.26) [5], in accordance with simulations reported in [32].

Fig. 2.24 (a) Pulse height spectrum of the radiation emitted from the body of a mouse injected 
with 99mTc radiotracer, acquired with a XR-100T-CdTe 1-mm thick detector (Amptek, Bedford, 
MA, USA). Photoelectric peaks are identified, arising from primary or scattered radiation from the 
radionuclide, from the tungsten collimators and from the lead shield around the mouse, as well as 
escape peaks from interaction in the CdTe detector substrate. The 140-keV photopeak has a width 
of 1.3 keV FWHM. (b) The same spectroscopy setup has been used to record the 99mTc emission 
from a PMMA (Lucite) phantom, so that there are 4 cm of acrylic between the source and the 
detector. The 140 keV photopeak has a width of 5.6 keV FWHM. The spectra have not been cor-
rected for the energy-dependent CdTe detection efficiency

Fig. 2.25 Pulse height spectrum of the radiation emitted from a 1-mm diameter capillary source 
of 125I inside a PMMA cylindrical phantom of 26 mm diameter, acquired with a 1-mm thick CdTe 
diode detector (XR-100 T-CdTe, Amptek). Main photopeaks and escape peaks are identified; the 
measured energy resolution is 0.42 keV at 35.5 keV. While some peak tailing is present, the effect 
of Compton scattering is limited and evident only on the main photopeak at 27.5 keV
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This hybrid pixel detector has a sensitive area of 1.98 cm2, an intrinsic spatial 
resolution around 0.1 mm at 122 keV due to the detector pixels of 55 μm pitch, an 
intrinsic detection efficiency of 45 % at 122 keV [5]. Note that for this detector, the 
space-bandwidth-efficiency product [1] as a Figure Of Merit (FOM = detector 
area × detector efficiency/pixel area) at 122 keV is
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a remarkable value higher than that of clinical gamma cameras (≅20,000). Once 
coupled to high resolution pinhole or coded aperture collimators [31], a trade-off 
between FoV coverage and spatial resolution allows to select the proper geometrical 
settings for the imaging task (Fig. 2.27). However, with such a limited detector 

Fig. 2.26 (a) Planar images 
of a 57Co (122 keV) point-like 
radioactive source acquired 
with the Medipix2 CdTe 
hybrid pixel detector with a 
threshold of 20 keV, either in 
air or by interposing a 50 mm 
thick PMMA block between 
the detector and the source. 
(b) Radial profile of the 
point-like source images, 
indicating attenuation but 
limited effect of Compton 
scattering in 50 mm PMMA: 
indeed, the half-width at half 
maximum (indicated by the 
arrows) is practically the 
same for the two radial 
profiles

Fig. 2.27 Calculated spatial 
resolution and FoV in planar 
imaging of the CdTe detector 
unit of the MediSPECT 
scanner, equipped with a 
300 μm aperture pinhole or 
with a NTHT coded aperture 
mask with 480 square holes 
of 70 μm side
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sensitive area, in order to have a sub-millimeter spatial resolution the FoV is limited 
to ≅20 mm or lower: thus, this scanner is best suited for specialized imaging of 
animal (mouse) organs, like the mouse brain, heart, thyroid, or for solid tumor 
implanted in the mouse body.

Preliminary combined fluorescence and radionuclide imaging tests have been 
reported (Fig. 2.28), but major work has been dedicated to the development of the 
SPECT system. The MediSPECT magnification allows to have a planar FoV rang-
ing from 2.4 to 29 mm using pinhole collimators and from 6.3 to 24.3 mm with a 
coded aperture mask. The collimator unit can host different types of pure tungsten 
collimators (knife-edge pinhole with 0.3, 0.4 or 1 mm aperture, a parallel hole col-
limator with 100 μm round holes, two NTHT (No Two Holes Touching) MURA 
(Modified Uniformly Redundant Array) coded aperture masks with 70 or 80 μm 
holes).

With MediSPECT, a deep sub-millimeter system planar spatial resolution in the 
0.1–0.2 mm range has been demonstrated with the usage of coded aperture mask 
with 70 μm holes (NTHT masks, 62 × 62 matrix array of open/close positions, with 
460 holes). Such a hole size can be realized only in thin metal (tungsten) foils of 
≅0.1 mm thickness, so that this coded mask can be used only for low-energy radio-
nuclides as 125I. This type of collimator allows to preserve a high spatial resolution 
(related to the single aperture size) while providing a high geometrical efficiency, up 
to the maximum given by the sensitivity of a pinhole of equal aperture to that of a 
single hole, multiplied by the number of apertures in the mask. In planar imaging, 
raw images produced by the overlapping of projections of the source by single aper-
tures on the image plane (a condition known as multiplexing) are decoded off-line 
with a linear analysis code. In SPECT imaging, reconstruction occurs via a specific 
3-D OS-EM algorithm which processes all multiplexed data from all projections at 
each iteration step, rather than decoding the data from each projection and then 

Fig. 2.28 Images of a tumor-bearing mouse (tumor area circled) injected with 74 MBq of 99mTcO4
− 

and with hematoporphyrin fluorescence marker. (a) white light image; (b) red optical fluorescence 
image excited in the green, superimposed on the mouse silhouette; (c) whole body mouse image 
obtained with a clinical pinhole gamma camera; (d) planar image (195 × 293 pixels, 47 × 71 mm2, 
magnification = 0.45, 1 mm pinhole aperture) acquired with the Medipix2 CdTe hybrid pixel detec-
tor of the MediSPECT/FRI scanner; (e) counts profile along the horizontal line across the tumor 
shown in d). The Medipix2 image is the result of the composition of two partially overlapped 
images (data from [36])
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perform reconstruction. MediSPECT has shown in in vivo mouse imaging to resolve 
thyroid lobes of less than 1 mm FWHM (Figs. 2.29 and 2.30). The 125I sensitivity 
was 1.6 × 10−4 [70].

5.5  Philips Medical System’s SOLSTICE System

The group at Philips Medical Systems (Cleveland, OH, USA) has developed a semi-
conductor gamma camera (SOLSTICE, Solid State Imager with Compact 
Electronics) [11, 53]. An intended application is 99mTc small animal SPECT 

Fig. 2.29 Volume rendered 
125I SPECT image of a mouse 
thyroid, obtained with the 
MediSPECT CdTe based 
scanner equipped with a 
300 μm pinhole 
(magnification 1.47, 125I 
injected activity 31.8 MBq). 
Acquisition parameters: 72 
views at 5° steps, exposure 
time 1 min/view. OS-EM 
reconstruction parameters: 
313 pixels with 450 μm 
isotropic pixel size, 15 
iterations and 5 subiterations. 
Image FoV = 14 × 14 × 14 
mm3

Fig. 2.30 (a) Planar image of an 125I injected mouse thyroid taken with MediSPECT scanner 
equipped with a 300 μm pinhole (magnification 1.47; FoV 9.6 × 9.6 mm2). The raw image has been 
low-pass filtered with a Gaussian kernel of two pixels FWHM. Injected activity = 31.8 MBq, acqui-
sition time = 20 min. (b) The profile along the line shown on the image in a) indicates a size of the 
thyroid lobes less than 1 mm FWHM
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imaging [80] (Fig. 2.31). SOLSTICE employs a series of CdZnTe detector with 
5-mm-thick substrates. The SOLSTICE camera is coupled to a rotating slat collima-
tor (Fig. 2.31a) for improved sensitivity, matching the collimator resolution with the 
pitch of the semiconductor detector.

The camera has a 345 mm FoV (L in Fig. 2.31a, b). The design requirements at 
140 keV are excellent energy resolution (below 4–5 %) and high spatial resolution 
(a few mm). The slit camera detector axis spins around the detector’s axis so that it 
creates 1-D projections (spinograms) of the 3-D radioactive distribution. Then, the 
camera is rotated around the animal to provide SPECT imaging. Essentially, this 
configuration requires a linear detector array in the form of a strip detector, and tests 
have been performed with a strip CZT detector with 192 pixels of 1.8 mm pitch 
[80]. Since a 1-D gamma-ray collimation is necessary, the W/Pb collimators can be 
made with relatively close-spaced slats (1.5 mm) matching the detector pitch, and 
large height (40 mm) to provide good spatial resolution. A study of CZT detector 
performance was made which employed sub-pixelization of the CZT detector, pro-
ducing a better energy resolution. The anode side (opposite to the cathode radiation 
side) of each crystal (14.4 × 14.4 mm2) was segmented into a matrix array of 
4 × 8 pixels, with a pixel size of 1.5 × 3.3 mm2 and a 0.3 mm inter-pixel gap.

A test of 88 CZT crystals has been reported, with negative bias voltages ranging 
from 275 to 420 V. The average energy resolution over the array was as good as 
3.6 % at 122 keV and generally lower than the 5 % energy resolution design param-
eter at 140 keV [11]. The design planar spatial resolution is 5 mm FWHM at 10 cm 
distance. Application to small animal imaging has been reported [81] with resolu-
tion below 2.5 mm, and superior energy and spatial resolution with respect to a 
“conventional NaI detector” with a ultra-high-resolution parallel-hole collimator. 
The excellent energy resolution of the SOLSTICE/CZT camera (3.8 % at 140 keV) 
allowed also to perform dual isotope imaging tests with 99mTc (140 keV) and 123I 
(159 keV) both in phantoms and in vivo on rats [81].

Fig. 2.31 (a) Acquisition geometry of the SOLSTICE small animal SPECT imager (adapted from 
[80], with permission). (b) Scheme of the CdZnTe detector and slat collimator of the SOLSTICE 
semiconductor gamma camera (adapted from [11], with permission)

2 Solid-State Detectors for Small-Animal Imaging



58

5.6  LBNL Si:Li System

A high-resolution SPECT system for 125I in vivo mouse imaging has been designed 
at Lawrence Berkeley National Laboratory, based on thick Si:Li detectors [30] 
(Fig. 2.32). Lithium-drifted silicon (Si:Li) crystals can be made by drifting Li in 
order to compensate for impurities in Si, so that an “intrinsic” Si bulk substrate can 
be obtained with a large thickness (e.g., 1 cm). In the LBNL design, a detector array 
of 64 × 40 square pixels of 1-mm pitch with 50–100 μm inter-pixel gap, on a 6-mm 
thick substrate is used, operated at room temperature since the 1 × 1 × 6 mm3 voxels 
have a leakage current in the order of just a few nA. The 6-mm detector thickness 
produces an intrinsic detection efficiency ≅90 % at 125I energies (Fig. 2.5). Two such 
detector modules rotate around the animal for SPECT imaging. An energy resolu-
tion of 8.5 % FWHM at 27.5 keV has been reported (best result is 7.2 % FWHM at 
27.5 keV, Fig. 2.32b) with the available discrete readout, and an energy resolution 
of 15 % is foreseen with the redesign of the 64-channel readout CMOS ASIC.

5.7  Gamma Medica-Ideas System

The group at Gamma Medica-Ideas (Canada/Norway/USA), in collaboration with 
groups at the University of California, Irvine, and Johns Hopkins University, have 
developed a CZT based gamma camera, compatible with Magnetic Resonance 
Imaging, for a small animal scanner [54]. The system is based on modules of pix-
elated CZT crystals, 5-mm thick, operated at −500 V bias applied to the top (non 
pixelated) contact, with 16 × 16 pixels of 1.6 mm pitch, and associated electronic 
readout. Each detector module is coupled to a pinhole with 0.5–2 mm aperture. By 
using flexible circuit boards, eight modules can be arranged in a compact “ring” 

Fig. 2.32 (a) Scheme of the small animal 125I SPECT system designed at LBNL using Si:Li pixel 
detectors. (b) Best spectroscopic performance of the Si:Li detector for 125I (7.2 % at 27.5 keV) 
(adapted from [82])
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around the animal for a 30-mm FoV. A few “rings” of modules can be stacked so as 
to cover a larger transaxial FoV. An energy resolution of 5.4 keV at 122 keV has 
been reported [54].

6  Semiconductor Detectors for Small-Animal PET

There are two major issues in image quality in small animal PET: sensitivity and 
spatial resolution [83]. For 18F imaging, scanner sensitivity currently ranges 1–7 % 
and spatial resolution is above 1 mm, and less than 2 mm, in state-of-the-art systems 
(see Fig. 2.35). However, the fundamental limiting spatial resolution in small ani-
mal PET imaging—related to positron range and non-collinearity of annihilation 
gamma-rays—is roughly ¼ of a mm FWHM, as estimated by summing in quadra-
ture the contribution from 18F positron range in water (0.10 mm FWHM, non 
Gaussian distribution) and that from photon non-collinearity (0.22 mm for a 100 mm 
ring diameter, Gaussian distribution) [84]. Most scanners are based on scintillator 
detector technology, and intrinsic spatial resolution is related to the transverse size 
(currently about 1 mm) of individual elements of the crystals. Further reduction in 
the size of the pixels in scintillator crystals is not likely to occur due to manufactur-
ing difficulties and, in addition, a scintillator pixel with a small cross section pro-
duces a reduced light output at the readout side: this degrades significantly both 
energy resolution and position identification. As a consequence, in order to reach a 
sub-millimeter spatial resolution, several groups started dedicating efforts to the 
development of a new class of small animal PET scanners based on room- 
temperature semiconductor detectors, including CdTe and CdZnTe [85], and Si and 
Ge as well. In fact, for most-used PET tracers as 18F and 11C, simulations show that 
the crystal pitch is the prevalent parameter over non-collinearity and positron range 
effects, in determining the spatial resolution of high resolution systems. Such semi-
conductor detectors have been investigated for PET applications long ago (e.g., 
[86]), in particular for their coincidence timing properties [87, 88] which at that 
time was poor with respect to scintillator technology. Small animal PET involves 
detector rings of small diameter (several cm), and this helps reducing the influence 
of the detector pixel size on the intrinsic spatial resolution of the scanner.

The intrinsic resolution of such pixel or strip detectors is ultimately limited only 
by the pixel pitch, which—as we have seen in the case of small animal SPECT scan-
ners—can be well below 1 mm, thus providing the potential for an intrinsic sub- 
millimeter spatial resolution of semiconductor-based small animal PET scanners. 
Semiconductor detectors of choice, due to their high attenuation for 511 keV pho-
tons, have been considered CdTe and CdZnTe (Table 2.2). In such detectors, which 
are available in size of 2–3 cm by side, sufficient detection efficiency can be 
obtained by irradiating them by the side (planar transverse field configuration), thus 
exploiting a 2–3 cm attenuation length: in CdTe, this corresponds to 65–80 % 
intrinsic detection efficiency at 511 keV. This situation refers to gamma rays inci-
dent normally to the detector side; in this case information on the depth of 
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interaction (DOI) in the detector crystal is not necessary for source position 
 determination. In the case of gamma rays incident on one of the detector faces, 
uncertainty in the localization of an off-axis source arises and DOI information is 
needed. If a stack of such semiconductor detectors is assembled for the realization 
of a “detector block” as the basic unit of a fixed-gantry PET ring, then the spatial 
resolution improvement is related to the high level of crystal segmentation, to the 
availability of DOI datum for each stack layer, and to a dense packing of the detec-
tor planes. Such solutions have been investigated recently in the case of CdZnTe 
[89], but single large CZT detectors (15 × 15 × 7.5 mm3) with a coplanar grid elec-
trode geometry have been tested as well [90].

In order to illustrate the technical details related to the development of a semi-
conductor based small animal PET scanner with ultra-high spatial resolution, in the 
following a few experimental realizations will be illustrated, based on Si, CdTe, 
CdZnTe and Ge semiconductors.

6.1  University of Ferrara SiliPET System

As described in Sect. 3.2, low Z semiconductors can be used in small-animal PET 
scanners where the detection strategy is identification of the position of Compton 
interaction in the detector. In 4-cm thick Si, the fraction of single Compton interac-
tion events can be as large as 52 % [91]. On the basis of these considerations, the 
Medical Physics group at University and INFN Ferrara, Italy, proposed the realiza-
tion of a small animal PET scanner (SiliPET) based on double-sided microstrip sili-
con detectors [92]. In SiliPET, in order to reach a suitable intrinsic detection 
efficiency, a stack of forty 1-mm thick Si planar detectors is used (Figs. 2.33 and 
2.34), for a total absorption thickness of 40 mm Si for normally incident photons, 
which is close to one mean free path (49.5 mm) at 511 keV in Si (Table 2.2). Indeed, 
this innovative approach to photon detection in small animal PET has a number of 
advantages with respect to scintillator based scanners, potentially providing a very 
high spatial resolution (below 1 mm) coupled to high sensitivity (a few percent). In 
fact, Si microstrip detectors can be made large enough (e.g., 60 × 60 mm2 in 
SiliPET) to cover a large solid angle when positioned around the animal in a box-
like arrangement (Fig. 2.33a), thus increasing the scanner sensitivity. Moreover, the 
Si detector pitch can be small enough (e.g., 0.5 mm in SiliPET) so that the intrinsic 
position resolution is adequate for one-hit identification of the planar position of 
the (first) Compton event in a single detector plane (Fig. 2.33b): in fact, the range 
of Compton recoil electrons in Si from a 511-keV photon is 0.34 mm on the aver-
age and 0.57 mm at most.

The third coordinate of the position of the first interaction event is given by the 
position of the detector plane in the detector stack: for thin detector substrates (e.g., 
1 mm in SiliPET), the resolution in this depth-of-interaction coordinate is high 
(with respect to a detector stack thickness of 40 mm in SiliPET). For event identifi-
cation, an equivalent threshold of 50 keV in the analysis of the strip signal is set in 
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the design of the SiliPET scanner. A further advantage is the reduction in  complexity 
of the acquisition and readout electronics since no energy information is to be 
recorded and processed. The design and realization of a readout ASIC for fast tim-
ing measurement for the SiliPET scanner is underway at Politecnico di Milano, 
Italy [93]: first measurements give a time resolution of 16.5 ns [94]. Double-sided 
silicon strip detectors are designed and realized at ITC- Fondazione Bruno Kessler 
(FBK-irst), Trento, Italy, where first prototypes of 30 × 30 mm2 with 0.5 mm pitch 
and 1 or 1.5 mm thickness have been tested [95].

Fig. 2.33 Scheme of the SiliPET small animal PET scanner, based on a stack of double-sided 
microstrip silicon detectors. (a) Top view of the scanner geometry with the four stacks arranged 
box-like around the animal FoV. (b) Photon interaction scheme, based on the detection of Compton 
scatter events in two of the four stacks

Fig. 2.34 A single detector plane (double-sided silicon strip detector, 1 mm thick, 0.5 mm pitch) 
of the SiliPET scanner, coupled to a commercial VATAGP2.5 128-channel analog ASIC (Ideas) for 
strip signal readout (adapted from [95])
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Overall, the above features of the design of the SiliPET scanner potentially 
 provide (a) a high accuracy in the determination of the position of interaction, (b) a 
reduction of the parallax error through the determination of the depth of interaction 
in the detector, (c) a high solid angle coverage, and (d) a simplification in the associ-
ated readout electronics. The realization of the full SiliPET scanner is on-going and 
laboratory tests with prototype setups have been reported [94]. In Monte Carlo sim-
ulations for assessing its basic performance, with a point-like 18F source at the cen-
ter of a 3-cm diameter water phantom, SiliPET showed an intrinsic spatial resolution 
of 0.52 mm FWHM and a sensitivity of 5.1 % at the center of the system [91, 92]. 
This potential performance of SiliPET would represent a significant technological 
advancement in small animal PET scanners (Fig. 2.35).

6.2  University of Tohoku System

A group at Tohoku University (Sendai, Japan) proposed [96] and then developed 
[97, 98] a small animal PET scanner based on arrays of Schottky CdTe detectors. 
Initial motivations for using commercially available, thin (0.5 mm) CdTe Schottky 
type detectors (Pt(cathode)/CdTe/In(anode)) were their high energy resolution and 
low noise, when operated at high reverse bias voltages (200 V). A suitable absorp-
tion length for 511 keV gamma rays is obtained by irradiating the detectors from the 
side, i.e., perpendicular to the direction of the electric field inside the detector. 

Fig. 2.35 Comparison of the performance of some scintillator based and semiconductor based 
small animal PET scanners, for a spatial resolution below 2 mm. CdTe-PET (1) refers to University 
of Tohoku scanner described in paragraph 6.2, CdTe-PET (2) refers to University of California 
scanner described in Sect. 6.3, and Si-pad refers to the system of the CIMA collaboration described 
in Sect. 6.7 (modified with inclusion of semiconductor data, from original data provided by cour-
tesy of G. Zavattini, Ferrara University, Italy)
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Moreover, a thin detector (≅1 mm) assures (relatively) short transit times for charge 
carriers to the collecting electrodes and hence, short signal rise times, which are 
improved by operating at applied electric fields of 300–400 V/mm or higher. For 
example, with a bias voltage of 400 V over a 1 mm distance between the electrodes, 
data in Table 2.1 for CdTe provide an estimate of 23 and 250 ns for the maximum 
transit times of electrons and holes, respectively.

In a preliminary report [96], two detector units were realized each one consisting 
of eight detectors sub-divided into two arrays of four detectors (5.0 × 5.0 × 0.5 mm3) 
aligned with 2.4 mm spacing between them. The second array of four detectors is 
placed behind the first array, so that practically the attenuation length in the radial 
direction is 5.0 + 5.0 mm: for CdTe, this total thickness provides 41 % intrinsic 
detection efficiency at 511 keV. Moreover, the second array is translated in 0.6 mm 
step laterally with respect to the first array, so as to sample the (transaxial) gap 
region between two detectors. Two opposing detector units, placed at 10 cm dis-
tance and readout in coincidence, with a rotating 0.6 mm diameter 22Na source at 
the center, were able to resolve the source with 0.9 mm FWHM resolution, thus 
demonstrating the proof-of-principle of the sub-millimeter resolution small animal 
PET scanner.

The next technological step was the demonstration of array detectors with suit-
able detector multiplicity. An array of 32 Schottky detectors was built, consisting of 
eight CdTe crystals; on each crystal four detectors were produced by segmenting the 
readout anode electrode in four strips. This 32-channel CdTe array resulted in single 
channels of 1.2 × 1.15 × 4.5 mm3 size distributed over a 1.4 mm pitch (Fig. 2.36).

In a coincidence system, with a rotating 0.6 mm diameter 22Na source at the cen-
ter, two such detector arrays at 10 cm distance showed a time resolution of 13 ns by 
biasing the detector at 700 V, and a resolution of 1.0 mm [96]. Based on this detector 
array, a rotating gantry setup was realized (Fig. 2.37), which demonstrated an energy 
resolution of 3 % FWHM at 511 keV and 5 ns FWHM time resolution [97]. This 

Fig. 2.36 The 32-channel CdTe detector array of the prototype University of Tohoku PET scan-
ner, consisting of eight crystals with segmented anodes; single channels have 1.2 × 1.15 × 4.5 mm3 
size (adapted from [97])
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demonstrator showed a constant overall resolution of 1.0 mm (including 0.5 mm 
source diameter) with a 18F phantom, with a distance between the detector heads 
from 50 to 150 mm, thus indicating potential performance for mouse as well as for 
rat imaging.

The potential of this prototype was shown in a ultra high resolution PET scanner 
with a fixed gantry consisting of ten detector heads arranged in a ring structure with 
a FoV of 64 mm diameter (transaxial) and 26 mm length (axial) (Fig. 2.38a) [98]. 
Full front-end and readout electronics have been realized: each one of the ten 
“detector buckets” consists of a detector block and ASIC amplifier unit. In the 
detector block there are 16 stacked detector units. Each detector unit consists of two 
linear arrays of 16 Schottky CdTe detectors, with one array placed in the same plane 
of the stack and behind the front array, shifted laterally by 0.6 mm.

Each ASIC contains 32 charge sensitive preamplifiers and is connected to the 32 
signal lines from one detector unit and 16 ASICs are contained in a detector bucket 
(Fig. 2.38b). Ten FPGA-based digital processing boards connect to the ten detector 
buckets, respectively: they process above-threshold (215 keV) signals from the 
ASIC amplifier unit, by time-stamping the arrival of gamma rays with a 100 MHz 
clock (20 ns time coincidence window). The stacked detector unit contains CdTe 
strip detectors in two linear arrays of 19.7 mm length each, with single detectors in 
the array having a size of 1.1 × 1.0 × 5.0 mm3, the longer dimension being in the 
radial direction in the transaxial plane (Fig. 2.39). The pitch of the array is 1.2 mm. 
Separation between single elements in the detector array is achieved by a track of 
0.1 mm width, 0.2 mm depth and 5.0 mm length on the Schottky (In/CdTe) side.

Fig. 2.37 Prototype of the University of Tohoku PET scanner with a dual head rotating gantry 
setup (from [97])
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The arrangement of two detector arrays shifted by half the detector pitch allows 
to register up to three cross line of response in 1.2 mm transaxial distance, and to 
determine depth of interaction in the detector. Tests with a 22Na source of 0.5 mm 
diameter showed a tangential resolution of 0.74 mm FWHM at the center of the 
FoV (Fig. 2.35); mouse and rat in vivo preliminary tests with this scanner showed 
high resolution performance (Fig. 2.40) [98]. The simulated sensitivity for an array 
of 16 layers of 1.2 × 1.15 × 10 mm3 detectors was 1 % [97].

An improvement in the position resolution of the Schottky CdTe detectors stud-
ied during the development of the University of Tohoku PET small animal scanner 
is represented by the realization of so-called (one-dimensional) position-sensitive 
CdTe detectors, i.e., Schottky devices (In/CdTe/Pt) which give the single coordinate 
of the interaction of the gamma rays in the direction perpendicular to the applied 

Fig. 2.38 (a) University of Tohoku small animal PET scanner, consisting of ten CdTe detector 
heads, with a FoV diameter of 64 mm. (b) A detector bucket (adapted from [98], reproduced with 
permission)

Fig. 2.39 Scheme of the dual 
detector arrays of 16 CdTe 
Schottky detectors of the 
University of Tohoku small 
animal PET scanner (adapted 
from [98], reproduced with 
permission)
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electric field. It was found that if the surface resistance of the In contact is high 
enough, one could record a signal SIn/SPt as the ratio of the signal SIn picked up on 
the In anode contact to the signal SPt from the rear Pt cathode contact, whose ampli-
tude depends on the position of the interaction of incident ionizing radiation [99] 
(Fig. 2.41).

The increase of the surface resistance of the In contact was obtained by decreas-
ing the thickness of the In electrode (e.g., a thickness of 40 nm produces a resistance 
of 150 kΩ between two Au wires contacted at a distance of 10 mm on the surface of 
the In electrode), so realizing a “resistive electrode” configuration [99]. Then, the 
next technological step would be to place several readout electrodes on the surface 
of the resistive electrode, so as to derive the two-dimensional coordinates of the 
position of interaction of incident radiation: the University of Tohoku group has 
recently reported that a suitable arrangement of six readout electrode (Fig. 2.41c) is 
apt to recover linearly the x–y coordinates of the position of the interaction on the 
detector surface [100].

Fig. 2.40 First mouse 
images of the University of 
Tohoku small animal PET 
scanner: a transaxial image of 
a mouse brain compared to 
post mortem digital 
autoradiography of a brain 
slice of the mouse. The 
mouse was injected with 44.4 
MBq of 18F-FDG (adapted 
from [98], reproduced with 
permission)

Fig. 2.41 (a) Schematic representation of the principle of operation of a resistive-anode Schottky 
CdTe detector. The ratio of the signal S1 or S2 from the anode side to the signal SPt from the cathode 
side has an amplitude (b) which depends on the position (e.g., 1, 2, 3) of interaction of the radia-
tion. (c) By placing several readout electrodes on the In anode, the x–y coordinates of the position 
of interaction on the surface electrode can be recovered
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6.3  University of California at Davis and RMD System

When irradiated from the side, i.e., orthogonally to the applied electric field deter-
mined by the bias voltage, a thin semiconductor detector can show good lateral 
resolution (determined by the thickness of the active substrate) and sufficient 
intrinsic detection efficiency (determined by the width of the detector surface). 
Then, 1D position sensitivity of the detector allows to obtain DOI information. In 
the University of Tohoku PET scanner described in the previous section, single-
sided strip CdTe detectors have been used, and linear arrays of such detectors are 
arranged. In the case of the small animal PET scanner designed at University of 
California, Davis, in collaboration with Radiation Monitoring Devices, Inc. 
(Watertown, MA, USA), the basic detector element is a double-sided (orthogonal) 
CdTe strip detector of 20 × 20 × 0.5 mm3 equipped with ohmic (Pt) contacts, fabri-
cated by ACRORAD (Fig. 2.42).

In this irradiation geometry, transaxial resolution is related to the 0.5-mm pitch 
of the 40 contact strips of 0.4 mm width, along the direction of the incident gamma 
rays, and DOI information is provided by eight orthogonal strips of 2.5-mm pitch 
and 2.0-mm width. The absorption length of 20 mm is to be compared with the 
gamma mean free path of 18.7 mm for CdTe, at 511 keV (Table 2.2). Preliminary 
tests indicate an energy resolution of 3 % at 511 keV and a coincidence timing reso-
lution (with respect to a LSO scintillator coupled to a PMT) of less than 11 ns down 

Fig. 2.42 Scheme of the double-sided CdTe strip detector employed in the University of California 
small animal PET scanner. The 20 × 20 × 0.5 mm3 detector has 40 strips of 0.5-mm pitch along the 
direction of the incident gamma rays, and eight orthogonal strip of 2.5-mm pitch for providing 
DOI information (from data in [101])
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to 3 ns in dependence of the applied voltage bias, recorded from the 0.4-mm wide, 
20-mm long strips [101] (Fig. 2.43).

Two dimensional FWHM position resolution was found to be equal to the strip 
pitch values (2.5, 0.5 mm, respectively). In timing coincidence measurements 
between two CdTe detector units, the timing resolution was 8 ns at 350 keV energy 
threshold [102]. A 20 × 20 × 24 mm3 detector block was designed, made by stacking 
40 such detector elements, and two such blocks are coupled for increasing the axial 
FoV, in a gantry arrangement of 16 detector blocks with an inner ring diameter of 
5.8 cm (Fig. 2.44). Such a scanner has potential for 3.4 % sensitivity [102] 

Fig. 2.43 View of the CdTe strip detector unit of the University of California small-animal PET 
scanner (adapted from [102])

Fig. 2.44 The proposed detector block and gantry of the University of California CdTe PET small 
animal scanner (adapted from [102])
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(Fig. 2.35). Given its complexity, it represents a major technological challenge for 
detector assembling, interconnection, data acquisition and processing. However 
these challenges compete with the major potential of semiconductor detectors vs. 
scintillator detectors for sub-millimeter spatial resolution and high sensitivity in 
small animal PET imaging.

6.4  Hitachi and University of Hokkaido System

In view of the realization of a 3D PET scanner for human brain imaging using CdTe 
detectors, a group at Hitachi Ltd. (Ibaraki, Japan) in collaboration with Hokkaido 
University (Sapporo, Japan) has made a single-slice prototype of a PET scanner 
based on six stacks of CdTe detectors [103], useful for small animal, e.g., rat imag-
ing. Each detector module is a stack of four crystals, each of size 1.0 × 7.5 × 4.0 
mm3, and 96 detector modules are arranged in six detector units in a single slice 
ring (Fig. 2.45).

A single detector channel is composed of two adjacent crystals with 2.3 mm 
pitch (1 + 1 mm thickness + 0.3 mm gap) in the tangential direction, and two 
crystals with 17.5 mm pitch in the radial direction (7.5 + 7.5 mm 

Fig. 2.45 (a) The CdTe detector module consisting of four crystals and two channels, (b) the 
detector unit with 32 × 3 detector channels and (c) the single slice ring (82 mm inner diameter) of 
the prototype PET scanner developed by Hitachi Ltd. and University of Hokkaido (from [103, 104])
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thickness + 2.5 mm gap). Under tests, the timing resolution was 6.0–6.8 ns 
FWHM (450 keV threshold), the energy resolution was 4.1–5.4 % FWHM and 
the spatial resolution was 2.6 mm FWHM.

6.5  University of Liverpool SmartPET System

In their analysis of image blurring in scintillator based PET systems for human imag-
ing, caused by scattering of one or both of the collinear 511 keV gamma rays, the 
group at University of Liverpool identified the need for a very high energy resolution 
for rejection of background events and improved image quality. Hence, they proposed 
[105, 106] to use High Purity Germanium (HPGe) planar detectors for PET imaging, 
due to their excellent spectroscopic properties, and their detection properties approach-
ing that of CdTe at 511 keV (Tables 2.1 and 2.2). In order to investigate this technol-
ogy, in the framework of a 5-year hardware/software study started in 2003, they built 
a demonstrator that works as a small animal PET scanner (SmartPET) (Fig. 2.46),  

Fig. 2.46 (a) The HPGe planar detector module consisting of a double-sided strip detector 
(60 × 60 × 20 mm3) with 12 + 12 orthogonal strips of 5-mm pitch, (b) the two detector heads and (c) 
the dual-head rotating gantry of SmartPET, the small animal PET demonstrator developed by 
University of Liverpool. The large cylinders are the 72 h dewars for cryogenic cooling of the detec-
tors with liquid nitrogen (from [108])

P. Russo and A. Del Guerra



71

but that has been used also in Compton imaging configuration [107]. The SmartPET 
prototype is a dual head, rotating gantry system based on a pair of double-sided high 
purity Germanium strip detectors. The p-type Ge crystals are 74 × 74 × 20 mm3 each 
with an active volume of 60 × 60 × 20 mm3; a 7 mm wide guard ring surrounds the 
active surface on the two detector surface. The outer contacts are segmented into 12 
strips per side with a pitch of 5 mm, thus defining equivalent voxels of 5 × 5 × 20 mm3. 
The strips are defined by p+ AC coupled contacts (49.82 mm wide and 0.18 mm 
inter-strip gap) on one side, and orthogonal DC coupled n+ contacts (49.70-mm 
wide and 0.30 mm inter-strip gap) on the opposite side (Fig. 2.46a) The separation 
between the two detector planes is 130 mm (Fig. 2.46b, c); the detectors are oper-
ated at −1,800 V bias. The raw spatial resolution of such a detector would be equal 
to the (equivalent) detector pixel, i.e. 5 mm on the detector planes and 20 mm in the 
direction perpendicular to the scanner axis, implying no DOI information. On the 
other hand, Pulse Shape Analysis (PSA) of the charge signals on the AC and DC 
strips allows to recover a higher intrinsic spatial resolution [109]. The improvement 
in lateral spatial resolution using PSA techniques derives from the analysis of the 
charge signals induced, by the e–h carriers drift motion, both on the hit strip and on 
adjacent strips. When a pixel strip is hit by an interacting gamma-ray, the area 
under the signal waveforms in the left-side and right-side strips varies in depen-
dence of the actual position of interaction across the 5-mm wide strip: by evaluat-
ing an asymmetry parameter between the two area values, a lateral position 
resolution of 1 mm has been demonstrated [109]. As regards DOI information, an 
event-by-event analysis of the pulse shape rise time—which depends on the depth 
of interaction below the detector surface—showed that, away from the detector 
edges, it depends linearly on the event DOI, thus permitting to reconstruct the inter-
action depth [110]. The rise time distribution of single-pixel events could be divided 
into five regions, thus permitting a coarse resolution of about 4 mm along the 
20 mm detector depth [109].

The timing resolution was approximately 10 ns [106, 111], and initial tests at 
122 keV indicated an energy resolution less than 1.5 keV FWHM for the SmartPET 
detectors [106], though the excellent energy discrimination of the HPGe detectors 
seemed not play a determinant role in the overall performance of the scanner, in 
subsequent works of the Liverpool group. As regards the detection sensitivity, mea-
sured for a 22Na source at the center of the FoV and without full-energy event 
recover analysis, the dual-head SmartPET prototype showed an absolute sensitivity 
of 0.99 %; this value reduces to 0.12 % by limiting the data analysis to single pixel 
events, and to 0.001 % to single pixel photopeak events [112]. This demonstrates 
that for a significant sensitivity, all interaction events had to be considered. By 
accepting, in the event selection stage of data analysis, all events where one or both 
detector heads recorded either one or two strip hits per interaction, the SmartPET 
prototype showed a resolution of 1.4 mm FWHM with a statistical reconstruction 
and of 2.7 mm FWHM with an analytical reconstruction algorithm, for a point-like 
22Na source at the center of the FoV.
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6.6  CEA-Leti CZT System

The group at CEA-Leti (Grenoble, France) has been pursuing the realization of a 
PET scanner based on CdZnTe detectors. The higher resistivity and the absence of 
polarization effects with respect to CdTe, motivated their choice of CZT as a suit-
able material for their PET prototype. First experimental tests have been shown with 
detector modules consisting of arrays of double-sided CZT strip detectors 0.9-mm 
thick, irradiated edge-on along their length, with 20 mm length and 16 × 16 mm2 
faces, with 1 mm pitch on the anode side and 4-mm pitch on the cathode side (for 
DOI measurement), respectively (Fig. 2.47a) [113]. The detector planes are made 
by two 20-mm long arrays, put one behind the other for 40 mm total attenuation 
thickness, each array being made of 16 16 × 20 × 0.9 mm3 strip detectors with a sepa-
rating polyimide sheet of 0.1 mm thickness (Fig. 2.47b). Coincidence timing tests 

Fig. 2.47 (a) View of anode and cathode sides of CZT orthogonal strip detectors fabricated by 
CEA-Leti for microPET. Two detectors are placed in the same plane one behind the other, in order 
to double the attenuation thickness to 40 mm for gamma-rays incident edge-on along the detector 
length. (b) Sixteen detector planes are stacked with a 0.1 mm plastic sheet in between, for realizing 
a detector block of 16 × 16 × 40 mm3 active volume (adapted from [114])
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in planar geometry with two CZT detectors gave a resolution of 2.6 ns FWHM, and 
with a CZT detector and a fast BaF2 scintillator gave 2.1 ns FWHM on anodic 
 signals at 500 V bias voltage [89].

6.7  CIMA Collaboration Si Pad System

The Computer Imaging for Medical Applications (CIMA) collaboration [114] has 
developed a dual head prototype of a silicon detector small animal PET scanner, to 
be used as a high-resolution insert for a conventional scintillator based PET scan-
ner [115]. The silicon detector ring, internal to the BGO detector ring (Fig. 2.48c), 
is made of 1-mm thick Si diode detectors (p+–n junction at pad contacts and n–n+ 
contact on the back) contacted with a 32 × 16 array of 512 pads (Fig. 2.48a). A 
double metal layer is used for routing pad connections to the bonding pads to com-
mercial 128-channel readout ASICs. The inner ring is designed to Compton scatter 
511 keV photons: in fact, most events are either direct absorption interactions in 
the scintillators, or single Compton scatter events in the low Z semiconductor 
detector followed by absorption in the scintillator detector (Fig. 2.48c). This 

Fig. 2.48 The CIMA collaboration has designed a small animal PET scanner (c) based on a 
 conventional BGO ring detector with an internal ring of silicon pad detector. One such detector is 
shown in (a) while in (b) is a photo of the dual head prototype setup of the silicon pad detectors, 
where the laser is used for detector alignment [117]
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introduces the distinction between Si–Si interactions, Si–BGO interactions and 
BGO–BGO coincident interactions. The single scattering event in the Si detector 
can be localized with high spatial resolution due to the short range of the Compton 
recoil electron: then, the intrinsic spatial resolution in this detector would be lim-
ited only by the pad size. Again, as in other semiconductor-based PET scanners 
described previously, the realization of a stack of such thin detectors (irradiated 
from the side, Fig. 2.48b, or face-on) would provide axial field coverage with high 
resolution DOI information [117].

A prototype based on two front Si detector heads (separated by 170 mm) and 
four BGO detectors (non-position sensitive) has been assembled (Fig. 2.48b shows 
the Si detector heads), and the performance has been reported for 18F sources [118]. 
The measured spatial resolution for Si–Si events was 0.98 mm FWHM at the center 
of the FoV, against a theoretical value (including photon non-collinearity contribu-
tion of 0.374 mm FWHM, positron range and source size contributions of 0.254 mm 
FWHM) of 1.04 mm FWHM. This gave indications that a Si detector with smaller 
size pads would improve significantly the overall spatial resolution for Si–Si events 
(e.g., 0.34 mm FWHM for 0.3 × 0.3 mm2 pads [115]). Using a 18F line source with 
1.1 mm internal diameter, the resolution was 1.45 mm FWHM, with excellent reso-
lution uniformity across the FoV up to 20 mm from the center [117]. Si–Si events 
contributed only ≅1 % to the system sensitivity, but the consideration of Si–BGO 
composite events allowed to increase the sensitivity up to 9 %, for a corresponding 
system resolution of 1 mm FWHM [115].

7  Summary

Most of the commercially available small animal SPECT and PET imaging systems 
are based on scintillator detectors coupled to position sensitive photomultiplier 
tubes. The requirement of improved performance, mainly in spatial resolution, has 
led to the application of microstrip or pixel semiconductor detectors for X-rays and 
gamma-rays. Compact, high spatial resolution, high energy resolution detector units 
are now assembled in microSPECT (Table 2.6) and microPET (Table 2.7) scanners. 

Table 2.6 Comparison of performance (sensitivity and spatial resolution, simulated or measured 
for 99mTc imaging) of semiconductor based small animal SPECT prototypes

System Technology Sensitivity (%) Spatial resolution (mm) References

Univ. Arizona 
SPECT/CT

CdZnTe pixel 1 × 10−3 1–2 [44, 47]

SemiSPECT CdZnTe pixel 5 × 10−3 1.45 [48, 59]
SiliSPECT Si microstrip 7–8 × 10−2 0.27 [61, 68]
MediSPECT CdTe pixel 1.6 × 10−2 <1 [31, 69, 70]
SOLSTICE CdZnTe strip NA <2.5 [11, 53, 81, 82]
LBNL Si:Li pixel 1.8 × 10−2 1.6 [30]

For MediSPECT and LBNL, data are reported for 125I imaging (NA not available)
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This was also possible because of the technical advancements in minute segmenta-
tion of the readout electrodes of such detectors, with pitch values well below 1 mm. 
The potential drawback of the semiconductor detectors—their limited quantum effi-
ciency at medium (140 keV) and high (511 keV) gamma-ray energies, for thin 
detector substrates—has been bypassed by using side-on irradiation geometries. 
This allows also to manage the problem of limited active area (a few cm by side) of 
semiconductor detectors; in fact, for small animal imaging a limited number of 
closely packed detectors irradiated by their side can be arranged around the animal 
so as to obtain an adequate FoV coverage. Good spectroscopic performance—often 
better than scintillator based detectors—is achieved by improved material fabrica-
tion and electrical contact technologies, which permit the use of high bias voltages. 
The major potential for improvement and technological innovation of semiconduc-
tor imaging detectors could be in the field of microPET, where high sensitivity 
(≈4–5 %) with high resolution (≈0.5 mm) are already feasible, as well as integra-
tion with semiconductor based microCT. Once available in significant production 
volumes, all-semiconductor based SPECT/CT and PET/CT systems may contribute 
to the reduction of the high end-user price of such pre-clinical systems, this being 
one of the major limitation to the diffusion of small animal imaging systems with 
ionizing radiation.
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1  Introduction

In nearly all detectors for small animal studies using the imaging technique, the first 
step in the detection of X-rays or gamma-rays (shortcut γ) is the conversion of the 
absorbed X-rays or γ’s into photons mostly in the visible spectrum by high z, high 
density scintillation crystals (see Chap. 1). In this process, normally only a small 
fraction of the absorbed X-ray or γ-energy is converted into light. Typical conver-
sion efficiencies for commonly used scintillation crystals range between 20 and 
100 eV energy loss for the generation of a single photon in the few eV range. As 
most scintillation crystals emit in the spectral range between 300 and 700 nm (with 
only a few exceptions) the typical conversion fraction in energy is between 0.1 and 
0.02. Table 3.1 lists some parameters of common scintillation crystals, their peak 
spectral emission and the number of photons/keV deposited energy in that scintilla-
tion crystal. The numbers are typical values because many subtle effects can change 
the listed values, for example nonlinearities in the light emission as a function of the 
γ-energy or self-absorption losses of the scintillation material. For the physics of the 
main γ-absorption processes by the photoelectric effect or Compton scattering the 
reader is referred to Chap. 1.

After the conversion of high energy radiation into photons in the eV range the 
next processes are the photon transport to a photon detector and the conversion of 
the photons into an electrical signal by means of an optimally adapted photon detec-
tor. In the following we skip details of photon transport inside the crystals as well as 
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the problem of light extraction and efficient coupling of the scintillation crystals to 
the photon detector, referring the reader to Chap. 1 of this volume, and concentrate 
on the issue of the photon detection efficiency. Nevertheless, we make some simpli-
fying assumption that only typically a fraction of light can be extracted and coupled 
to the photon detectors because of geometrical limitations.

While for CT detectors a high photon extraction efficiency is possible, the pho-
ton extraction efficiency in SPECT or PET detectors is typically only between 10 
and 30 %, because one normally couples the photon detector to the rear cross sec-
tion of the crystals. If intermediate light guides are used the extraction efficiency 
can be even lower. From the data in Table 3.1 a number of conclusions can be 
derived for the requirements for the photon detectors.

• The conversion of photons into photoelectrons should be as high as possible, i.e. 
the photon detector should have a high quantum efficiency (QE).

• The photon detection efficiency1 (PDE), i.e. the efficiency to convert photons 
into measurable photoelectrons, should be close to the QE of the photon detector, 
i.e. losses of photoelectrons inside the photon detectors should be minimal.

• If the transfer of the photons from the scintillation location to the photon detector 
is inefficient, which normally is the case, and only a small fraction of the total 
number of produced photons impinge onto the photon detector, the requirements 
in high PDE in the detector will have to be even more demanding.

• Photons in the eV energy range can only be converted in common photon detec-
tors into at most one photoelectron. Therefore the number of expected electrons 
from common scintillation crystals is much smaller than normally needed for 
data processing. Therefore signal amplification is needed. If possible, the ampli-
fiers, either internal or external, should not degrade the signal.

• A timing signal in the (sub)-nsec range is frequently needed for PET but nearly 
all suitable scintillating crystals have a decay time in the range of 20–1,000 ns. 
In most cases only a few photons are emitted during the first (few) nsec(s) and 
could be used for deriving a timing signal. Therefore, suitable photon detectors 
require a good single photoelectron response (SER)

• It follows that for nsec timing measurements the photon detectors and the needed 
amplifiers (internally or externally) should have an intrinsic bandwidth equal to 
or superior to the goals in timing to be achieved.

• The spectral sensitivity of a photon detector should be optimally matched to the 
emission spectrum of the scintillation crystals.

• As scintillation crystals normally are of high refractive index (n in the range of 
1.7–2.2) efficient optical coupling to the photon detector is needed.

1 It is quite common to use the QE to specify the number of photoelectrons in a photon detector. 
The QE ignores the subsequent losses of photoelectrons inside the photon detector, for example in 
the front-end of a PMT. The PDE, respectively effective QE specifies the more realistic number of 
photoelectrons that are amplified and processed in the subsequent electronics system following the 
photon converter of the photon detector.
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It should be mentioned that both in PET and SPECT one normally tries to 
 measure the time and energy of single γ-quanta with relatively high precision, 
while in CT one measures integrated fluxes and deposited energy as a function 
of time because the X-ray flux is normally much too high to allow counting and 
a measurement of the energy of individual X-rays hitting a detector pixel.  
A precise energy measurement of the individual X-ray quanta is currently not 
needed because of the broad energy spectrum of the X-ray generator and the lack 
of a method to determine the initial energy of X-rays before interaction in the 
body under examination. The γ-detectors for PET and SPECT should have at 
least an energy resolution of a few percent to separate the ‘γ’-line from the 
Compton edge.

Also, some other conditions should be fulfilled for practical applications:

• The photon detectors should be unaffected by magnetic fields or at least be easily 
protected by suitable shielding materials.

• Nearly all devices for radiation detection normally work in an environment of 
high electromagnetic background. Therefore, a high immunity against EMI is 
needed.

• The devices must be easy to operate and should not drift over time in an uncon-
trolled way.

• Radiation damage is, in general, not an issue because most sensors were initially 
developed for other applications used in much higher radiation environments 
compared to that in small animal imaging devices.

Particularly for small animal imaging some requirements related to the small 
dimensions of the objects to be studied should be fulfilled:

• The resolution of the instruments should be well adapted to the dimensions of 
structures to be studied. This requires small pixel elements to achieve sub-mm 
resolution.

• As objects to be studied normally have dimensions comparable to the crystal 
length, parallax errors become important and need to be corrected.

• Scintillation crystals and particularly the photon detectors should be as compact 
as possible. This condition is a ‘must’ in case mobile applications are needed 
(see example in Fig. 3.17).

• As the volume to detector surface of a small animal PET is normally much 
smaller than in the case of a human PET the radiation levels will normally be 
smaller, simply because of the reduced uptake. Therefore, the timing resolution 
for separating events in PET and SPECT is less demanding than in human PET. 
Similarly, Compton scattering background inside the small animals is also much 
lower in small animal PET and SPECT compared to human PET/SPECT.

• In case of very compact detectors minimizing heat developed by the local elec-
tronics is an issue.
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Currently, four families of photon sensors are used for fast, low light flux 
detection

 (a) Photomultipliers (PMT), i.e. vacuum photon detectors with secondary photo-
electron multiplication by means of a number of dynodes at different electro-
static potentials.

 (b) Solid state photon sensors based on silicon without internal amplification:

• PIN photodiodes, currently of very restricted use in PET or SPECT.
• CCD arrays, only for CT.
• Drift photodiodes

 (c) Solid state sensors, based on silicon, with internal amplification:

• Avalanche photodiodes (APD) operated in the linear amplification mode just 
below breakdown voltage.

• Geiger-mode avalanche photodiodes (G-APD) operated slightly above 
breakdown voltage but using avalanche induced current quenching  following 
the Geiger principle

 (d) Exotic photon detectors.

There are quite a few special photon detectors (exotic photon detectors) allowing 
one in principle to detect low light level signals, such as for example hybrid photo-
multipliers, gaseous photon detectors, cryogenic photon detectors, or non-silicon 
solid state photon detectors. All these detectors have either severe deficiencies con-
cerning the discussed application (large size, low QE, complex operation) or are not 
yet mature, respectively are not yet produced at large industrial levels.

PMTs are the long-term ‘workhorse’ for fast and low level light detection and are 
well established in the field of nuclear medical applications Unfortunately, they are 
not suited to being operated in magnetic fields, such as inside Magnetic Resonance 
(MRI) scanners, and small pixel sizes are difficult to achieve. Nowadays, multi- 
anode PMTs with pixel sizes down to 2 × 2 mm2 are available. Equally suited for the 
readout of fine pixilated scintillating crystal matrices is the Anger-camera principle, 
i.e. the sharing of light from a pixel by a few larger area PMTs. While for human 
PET detectors the block detector principle is strongly favored because it allows for 
a large reduction in readout channels, a coupling of one photon detector to one crys-
tal slab (1:1 coupling) is also possible for small animal PET detectors because the 
number of channels is still manageable.

The main deficiencies of APDs are their low gain, their sensitivity to temperature 
changes and to even small voltage drifts, all of which are difficult to control. It is quite 
likely that the use of linear mode APDs is only an intermediate step towards the use of 
G-APDs as readout elements in the near future. G-APDs are still under development, 
but rapidly approaching maturity. They offer a number of advantages making them 
the most promising photon detectors in PET/SPECT for small animal imaging.

Before discussing the different sensors in detail we present in Table 3.2 a com-
parison of the advantages and disadvantages of the PMTs, APDs and G-APDs for 
the use in PET and SPECT detectors using scintillation crystals as γ-detectors.
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The structure of the section on photon detectors is the following: in Sect. 2 we 
will briefly review the general principle of photon detection. In Sect. 3 we will give 
a short survey of the processes influencing the signal losses from the conversion in 
the crystal to the detection of the photons in the photon detector influencing the 
energy resolution and timing. In Sect. 4 we will discuss the classical photon detec-
tor, the photomultiplier, reviewing its basic design principle, features and limita-
tions. In Sects. 5 and 6 we will discuss solid state photon detectors without and with 
internal gain, their basic construction and their features and limitations relevant for 
photon detection in small animal imaging. Also in Sect. 6, we will briefly mention 
some application examples, while in Sect. 7 some special requirements not specific 

Table 3.2 Comparison of some basic features (typical) of PMTs, APDs and G-APDS for PET and 
SPECT crystal readout. Some parameters are expected to improve in the near futurea

Feature PMT APD G-APD

Volume, compared to crystals Very large Very compact Very compact
Readout Pixel structure Limited Very fine Very fine
Block readout Well established First tests First tests
Area limitations No Few cm2 <1 cm2

User experience High Some Prototype
Costs Very high Medium Still high, long-term 

lowest
Operation voltage (V) 1,000–1,500 300–500 30–100
Voltage regulation needed High Very high High
Gain 105–106 50–300 105 to few 106

Dynamic range High High Some limitations
High rate operation High Limited Minor limitations
Sensitivity to magnetic fields Very high No No
Need for high quality preamp No Yes No
Sensitivity for pick-up Medium Very high Low
Requirement for shielding Some Necessary Optional
Quantum efficiency (%) 20–25 60–80 25–50
Can detect single photons Yes No Yes
Pulse risetime single photoel. 1–2 ns <1 ns
Noise Very low High High, uncritical
Excess noise factor 1.2–1.5 5–10 at gain 1,000 1.0–1.2
Temperature sensitivity Very low Very high Medium for high 

overvoltage
Sensitivity to bias drifts Low Very high Medium for high 

overvoltage
Commercially available Yes Yes, new Yes
Damage due to light 

exposure
High No No

Radiation damage Modest Low Modest
Potential for mass production Low, hand 

assembled
Medium, ion 

implantation
Very high, CMOS 

technology
aIn italics: parameters that can seriously affect performance
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to photon detection will be discussed. In Sect. 8, a short outlook on prospects on 
improving photon detection in the future will be given. It should be mentioned that 
in this report emphasis is mainly put on more recent photon detector developments, 
which are at present mostly driven by the requirements for PET or SPECT. In par-
ticular, we will only briefly mention their uses and details in CT because the photon 
detection technology in this area is rather static since a few years and well docu-
mented. On the other hand, the solid state photon detectors, based on the Geiger 
mode avalanche photodiodes (G-APD), are given more room, because these detec-
tors are undergoing rapid progress and have the potential of becoming soon the 
leading photon detector for scintillation crystal readout in small animal PET. It is 
perhaps interesting to mention that at the recent photon detector conference in Aix- 
les Bains (2008) more than half of the submitted contributions were dealing with 
developments of G-APDs.

2  Some Comments on Resolution Issues

Before discussing details of the photon detectors we will briefly discuss some issues 
concerning resolution requirements. Emphasis is again put mostly on PET and 
SPECT.

In small animal imaging instruments using radiation detectors, one has to deal 
with three issues of resolution2 linked in part to the photon detectors:

• The spatial resolution,
• The energy resolution,
• The timing resolution.

The spatial resolution is mostly influenced by the geometry and crystal subdivi-
sion of the detector. In case of a geometry with a 1:1 coupling the energy resolution 
and noise contribution of the photon detector has very little impact on the image 
resolution, except an uncertainty of the depth of interaction (DOI) in PET, resulting 
in a parallax error along the crystal length. In principle, one is able to measure the 
DOI by means of a readout from both crystal ends and a comparison of the pulse 
heights. Other methods consist of combining two shorter crystal slabs of very dif-
ferent decay time to a longer slab thus allowing one to tag the interaction in one of 
the two sections by pulse shape discrimination. A high energy resolution as well as 
a good pulse shape measurement will reduce false associations. The situation is 
quite different in the block detector readout. Here, the energy resolution and the 
contribution from the detector noise can influence the image resolution.

In the following we use the example of PET to demonstrate the limitations and 
benefits of standard photon detectors concerning the image resolution.

2 Here we follow the convention in nuclear medical applications for the definition of the resolution 
as the FWHM (FWHM = 2.35 σ) of the distribution.
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Moses and Derenzo proposed an empirical formula, which nicely describes the 
reconstructed FWHM spatial resolution [2]:

 
FWHM a d b r D= ( ) + + + ( )/ .2 0 0022

2 2 2 2

 

where d is the detector size, b the position decoding accuracy, r the positron range, 
D is the system diameter used to describe the photon annihilation non-colinearity, a 
is a correction factor and depends on the algorithm used to reconstruct the images a 
ranges typically from 1.1 to 1.3.

The photon non-colinearity is almost negligible in a scanner for small animals 
and the positron range r is given by the isotope used, while d and b can be mini-
mized in the design. In case of installing the PET detector inside a high field MRI 
magnet, the range of the positrons is shortened by ‘spiraling’.

“Block” detectors using light sharing and Anger-like logic, the only choice when 
standard PMTs are used, have in average a value b ~ 2 mm [3–7]. A better value of 
b ~ 1 mm can be achieved with 1:1 direct coupling of crystals to position-sensitive 
or multi-anode PMTs [8–13].

Only the third category, where the crystals are individually coupled to photon 
detectors and independent electronics, achieves an intrinsic resolution that is equal 
to the geometric resolution (b ~ 0) [14–17]. This readout scheme can be currently 
only realized with solid state photon detectors which can be tailored to the required 
geometry. An image resolution of 1 mm has been achieved with 0.8 mm wide 
 crystals [18].

The energy resolution is of less importance provided one is able to separate the 
photopeak events from the Compton events. The energy resolution is influenced by 
quite a few different processes, which can eventually prevent a clear separation of 
the photopeak from the Compton edge. In the following we assume for simplicity 
that we deal with only 511 keV γ-quanta, which are fully absorbed in a single crys-
tal slab. The following processes will all contribute to a degradation of the energy 
resolution:

 (a) The scintillation light yield will depend on the local ‘quality’ of the crystal, i.e. 
from the local crystal defects and local admixture of activation material.

 (b) A small but important broadening of the resolution will be the so-called non- 
proportionality of the light yield at very low γ or electron energies. This effect 
is strongest at lowest energies and broadens the intrinsic scintillation resolution 
beyond the 2.35/N, N being the mean number of scintillating photons. A very 
good scintillation crystal, such as YAP:Ce or LaCl3:Ce can have an intrinsic 
energy resolution of around 5 % at 511 keV.

 (c) The next process in broadening the scintillation photon distribution seen from 
an end of the crystal is the variable light collection influenced by geometrical 
effects, absorption losses inside the crystal, surface scattering losses and effects 
of the reflector material (diffuse reflection, specular reflection). In case of a 
truncated pyramid shape of the crystals in a radial arrangement and a readout by 

D. Renker and E. Lorenz



91

the rear crystal end one can easily get a higher light yield from the far side than 
from the side of the readout. This results in a broadening of the resolution when 
averaging over the crystal. By appropriate surface treatment it is possible to 
improve the uniformity and in turn the resolution. Generally one can collect at 
most 25–50 % of all photons in a not too long crystal at the rear surface to be 
coupled to a photon detector. In case of long crystals these numbers will signifi-
cantly decrease.

 (d) At the end-face one normally couples the crystal to the photon detector by 
means of optical grease or optical glue matched closely to the refractive index 
of the PMT glass window or the silicon photon detectors, which are normally 
protected by a thin layer of transparent plastic material. As most useful crystals 
for PET or SPECT have a refractive index well above the optical coupling mate-
rial, a sizeable fraction of the light remains trapped inside the crystal.

 (e) The next class of loss is the backreflection of photons by the photon detector, 
which in case of a PMT can vary between a few percent to up to around 30 % 
(wavelength dependent). Also silicon photon detectors have quite some backre-
flection. Part of the backreflected photons might be ‘recycled’ a second time 
onto the photon detector in case of small and compact crystals while for long 
crystals most of the backreflected photons are lost.

 (f) Not all the photons entering either the photocathode in a PMT or the silicon of 
the silicon photon detectors are converted into free electrons. The relevant num-
ber is the quantum efficiency (QE), which is the ratio of the number of ‘freed’ 
photoelectrons to the number of impinging photons. Typical QE values for clas-
sical PMTs range between 20 and 30 % at peak sensitivity, close to 80 % for 
PIN and avalanche photodiodes and anywhere between 20 and 70 % for 
G-APDs (depending of the active to total area ratio, often called the fill 
factor).

 (g) Not all the photoelectrons can be collected and amplified. It is therefore more 
appropriate to replace the QE by the so-called photon detection efficiency 
(PDE). The ratio of the PDE/QE has typical values between 0.8 and 0.9 for the 
best PMTs3 (≈0.6–0.7 for mesh dynode PMTs, due to geometrical effects), 
close to 1 for PIN and avalanche photodiodes and between ≈0.2 and 0.6 for 
current G-APDs (strongly dependent on operation parameters).

 (h) The amplification normally adds some additional broadening of the resolution 
distribution on the amplified photoelectrons. This number is commonly named 
the excess noise factor F (see Sect. 4.4). Best PMTs have an F-factor of 1.1–1.2, 
PIN photodiodes an intrinsic F factor of 1 (plus the intrinsic noise contribution 
from the amplifier), linear mode APDs have a typical F-factor ranging from 5 to 
10 at a gain of 500 (see Fig. 3.13) with a very strong gain dependence while 
G-APDs have a value of about 1.1–1.3, again gain and geometry dependent.

3 There exists another source of loss in the PMT front-end. Photoelectrons are sometimes backscat-
tered when impinging on the first dynode and have a very low chance to produce a secondary 
electron. This process is up to now not well measured and often ignored.
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In the above list we ignored small effects like trapping effects, phosphorescence 
or wavelength shifting, etc.

It is obvious that due to the multitude and diversity of processes affecting the 
energy resolution it is difficult to predict the resolution beforehand. Monte Carlo 
simulation might predict the resolution within 30 %. Experimental optimization is 
currently the most frequently used procedure to determine the resolution. For exam-
ple, single LSO crystals coupled to selected PMTs can give about 10 % resolution 
for 511 keV γs, while one normally achieves a resolution of 12–25 % in densely 
packed arrangements and a block readout. At around 25 % resolution one already 
has considerable overlap between the photopeak and Compton events.

As mentioned before, timing resolution in the 0.5–1 ns range is in most cases 
sufficient, because it is very difficult to achieve high counting rates in small animals 
due to the limited uptake.

As nearly all scintillation crystals, except a few unsuited materials such as ZnO 
or the J9758 from Hamamatsu, have quite long decay times, one generates timing 
signals from the very first detected photon respectively from the rise time of the 
scintillation pulses by using standard methods, such as constant fraction discrimina-
tors, leading edge discriminators, or the high-low discrimination technique. As the 
crystals are normally only a few (10–20) mm long, time dispersion inside the crystal 
can be ignored.

A reason for generating timing signals is the need for coincidence triggers from 
the two gammas. With PMTs and G-APDs it is possible to achieve sub-ns time reso-
lutions, while photodiodes and avalanche photodiodes allow only a considerably 
worse timing resolution of, at best, a few ns.

A good pulse shape discrimination is essential for DOI measurements when 
combining two scintillation crystals of a different decay time.

3  General Principle of Photon Detection

Two processes, the external and the internal photoeffect, are used for the detection 
of photons. Both are based on the transfer of the photon energy to an electron in a 
collision. When a photon impinges on the surface of any material it can liberate an 
electron, provided the energy of the photon is higher than the photoelectric work 
function ϕ. This was first formulated by A. Einstein in 1905 [1]:

 W hkin = −ν φ  

The kinetic energy Wkin of the electron can be sufficient to bring the electron not 
only from the surface, but also from the volume of the material, to the free space. 
Semiconductors have a very small work function ϕ. Consequently, the threshold 
wavelength of the incoming photon can be in the near infrared. Standard bialkali 
photocathodes in photomultipliers (Sb–Rb–Cs, Sb–K–Cs) have a threshold at 630 
nm (red light).
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The internal process needs less energy. In a semiconductor it is sufficient to lift 
an electron from the valence band to the conduction band. Therefore a silicon crys-
tal (bandgap 1.1 eV) can be a very efficient photon detector in the complete range 
of visible light. If the electron does not recombine with the hole in the conductive 
band due to the electric field of a silicon photodiode it can be collected and the sig-
nal amplified.

4  Classical Readout Using PMTs

4.1  History

In 1913, Elster and Geitel invented the first photoelectric tube. Some years earlier, 
in 1889, they had reported the photoelectric effect induced by visible light striking 
an alkali metal [19]. The first photomultiplier tube (PMT) was invented in 1930 by 
L. Kubetsky. In 1939, V. Zworykin and his colleagues from the RCA laboratories 
developed a PMT with electrostatic focusing [20], the basic structure of current 
PMT’s (Fig. 3.1). A short time afterwards it became a commercial product. Single 
photons were detectable from now on.

Further innovations have led to highly sophisticated devices available nowadays. 
The bulky shape turned into a flat design with a length of a few centimeters and with 
pixilated anodes the PMTs became position sensitive. While early PMTs allowed 
only a block readout, a 1:1 coupling of crystals to a position sensitive PMT became 
possible, a scheme where the end faces of small crystals are coupled to a matching 
pixel of the PMT (Fig. 3.2). A vacuum container is still needed, but the fraction of the 
active faceplate area compared to the total faceplate of the PMT is now close to 90 %.

Focusing
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Fig. 3.1 Cross section of a photomultiplier tube. (1) Indicates the electrons liberated by photons 
from the photocathode and (2) shows the cascade of secondary electrons in the first stages of the 
multiplier dynodes
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4.2  Gain

The gain of standard PMTs is very high with typical values of 106–107. It is almost 
completely independent of the temperature and in a wide dynamic range indepen-
dent of the rate that needs to be handled. Without the need for an amplifier the out-
put signals can be directly fed into standard readout electronics.

4.3  Photon Detection Efficiency

The main characteristic of a photomultiplier is its quantum efficiency (QE), which 
describes the probability of a photon creating a free electron, which can be ampli-
fied in the dynode structure. Several effects influence the QE: the photon can be 
reflected by the glass of the window, it can pass through the photocathode without 
interaction and it can produce an electron in the volume of the photocathode which 
electron is stopped inside the material. The overall effect limits the QE to typically 
25 %. Manufacturers usually provide the radiant sensitivity (the cathode photocur-
rent divided by the radiant power), not the QE. An example is shown in Fig. 3.3.

As can be seen from Fig. 3.3, it is possible to select a photocathode material, 
which matches the emission wavelength of the crystal scintillator used.

The QE can be calculated from the radiant sensitivity Sk(λ) by

 
QE = ( ) ⋅ ⇒ ( ) = ⋅

( )
S

hc

e
QE

S
k

kλ
λ

λ
λ

% .1 24
 

with the Planck’s constant h, the speed of light c, the wavelength λ expressed in nm 
and Sk(λ) in mA/W.

Fig. 3.2 Crystal block design with conventional PMTs (left), and 1:1 coupling with state of the art 
position sensitive flat panel PMTs (right). Shown are the small scintillating crystals and the indi-
vidual dynode structure and anode of the PMT pixels
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Recently, the QE was boosted to values above 40 % by employing extremely 
pure bialkali photocathode materials and precise control of the vapor deposition 
process [21]. Photocathodes made of GaAsP(Cs), a new material, which is difficult 
to deposit, also provides a QE of more than 50 % in a wide range of wavelengths.

Usually the collection efficiency (CE), i.e. the probability that an electron, liber-
ated from the photocathode, reaches the first dynode, is neglected. The CE can be as 
low as 70 %. The photon detection efficiency (PDE), the probability of an incoming 
photon creating an output signal is:

 PDE QE CE= ×  

Actually, some other effect might further reduce the PDE, even if the photoelec-
tron hits the first dynode. Depending on the dynode material and the acceleration 
voltage, the photoelectron might, with some probability, be backscattered (elasti-
cally or inelastically) and will thus not produce any secondary electrons at all or 
only a few. Backscattering is not fully understood and is normally treated as part of 
the collection efficiency.

Hybrid photon detectors are a variant of the photomultiplier. The vacuum con-
tainer and the photocathode are the same, but multiplication is not realized in a 
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chain of dynodes. The electrons liberated in the photocathode by a photon are 
 accelerated in a high electric field (15–25 kV) and are focused onto a silicon diode 
or onto an avalanche photodiode (APD). In the silicon, the electrons lose their 
energy by ionization. They produce electron–hole pairs, which can be collected in 
case they are produced in the depletion layer. The diodes (avalanche diodes) need a 
very thin p+(n+) top layer, because the pairs created in this layer recombine imme-
diately and are lost. An energy loss of 3.6 eV is needed to create an electron–hole 
pair. The ratio of the gained electron energy (corrected by the loss in the dead area) 
divided by 3.6 eV sets the amplification, which is about 5,000 when using a PIN 
diode while in case of an APD this has to be multiplied by the APD internal gain 
(resulting in a total gain of a few 105–106).

4.4  The Excess Noise Factor

The energy resolution σ(E)/E of a crystal-PMT assembly is dominated by the 
 stochastic distribution of the produced and collected photons (Nphoton).

 

σ E

E N PDEphoton
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=

⋅
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The resolution is degraded by the excess noise factor F, which is mainly caused 
by the secondary electrons produced in the first dynode. The resolution becomes:
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E

F
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A typical value is F ≈ 1.2 for standard PMTs (The character F is also used for the 
Fano factor which affects the photon statistics or the statistics of electron–hole gen-
eration in semiconductors and is used in Sect. 2. In the light production in scintillat-
ing crystals, Poisson statistics apply and the Fano factor is ≅1).

4.5  Time Resolution

The output signal of PMTs is very fast (rise time of about 1 ns) provided the proper 
dynode structure is used. In such cases it is possible to achieve an excellent time 
resolution, which is limited by the so-called transit time spread (TTS). This is a 
measure of the variations of time an electron needs for travelling from the photo-
cathode to the first dynode. Typical values are about 200 ps. Some PMT types, in 
which mesh dynodes or micro channel plates are used as electron multipliers, show 
a very small TTS, and a time resolution of only 50 ps or even less can be achieved. 
The caveats of such structures are a higher price and a reduced CE.
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Besides the transit time spread, some PMTs also show different delay effects of 
photoelectrons emitted in the central area and those emitted at the outer area because 
of the longer flight path and in turn lower field strength when focusing photoelec-
trons onto a small dynode area.

Like the energy resolution, the time resolution improves in first order with the 
number of detected photons:

 

σ t
N PDEphoton

( ) ∝
⋅

1

 

4.6  Operation in Magnetic Fields

Both normal and hybrid PMTs, are extremely sensitive even to small (mT) magnetic 
fields. Specialized devices with micro channel plates (MCP) instead of the dynode 
structure work in magnetic fields, but only if it is strictly parallel to the axis of the 
PMT (Fig. 3.4).

4.7  Advantages and Disadvantages

For many decades, PMTs have been the workhorse for single photon and low level 
light detection. Their advantages are obvious:

• The gain is high (106–107) and in most cases no amplifier is needed.
• The operation is relatively stable because the temperature dependence of the gain 

is very small. Nevertheless, some gain drift can occur, particularly immediately 
after biasing.

Fig. 3.4 Relative output of an MCP–PMT when its axis is oriented parallel (left) and perpendicu-
lar (right) to a magnetic field

3 Photon Detectors for Small-Animal Imaging Instrumentation



98

• A very good energy resolution can be achieved when state of the art scintillating 
crystals are used (i.e. lutetium–oxyorthosilicate or the newly developed LaCl3(Ce) 
or LaBr3(Ce) crystals).

• Compared to most other photon detectors the excess noise factor is small.
• An excellent time resolution can be obtained.
• The multiplication in a chain of dynodes is one of the best known low noise 

amplifications.

There are a number of disadvantages:

• Most severe is the strong sensitivity to magnetic fields (preventing any use in 
MRI magnets).

• PMTs need a high operating voltage of about 2 kV and special devices (hybrid 
PMTs) need about 20 kV.

• State of the art PMTs have a peak QE of typically 25 % and a typical front-end 
photoelectron collection efficiency of 70–80 %, i.e. a peak PDE of around 20 %.

• It is very difficult to produce a very fine pixilated (<2 × 2 mm2) PMT.
• State of the art PMTs have rather large volumes compared to the crystals com-

monly used in small animal detectors. It is therefore difficult to build high resolu-
tion detectors with a 1:1 coupling.

• It is impossible to stabilize the gain by some feedback mechanism like in opera-
tion amplifiers

• The fabrication of PMTs is costly because 30 or more parts have to be assembled 
by hand in a vacuum container which afterwards has to be well sealed.

5  Readout with Solid State Photo Sensors  
Without Internal Gain

5.1  History

Semiconductor photodiodes were developed in the early 1940s approximately at 
the time when the photomultiplier tube became a commercial product. Only in 
recent years, with the invention of the Geiger-mode avalanche photodiodes, semi-
conductor photon detectors have reached a sensitivity comparable to that of photo-
multiplier tubes. The evolution started in the 1960s with the p-i-n (PIN) photodiode, 
a very successful device, which is still used in many detectors for high energy 
physics and in a large number of other applications like radiation detection and 
medical imaging. The next step was the development of the avalanche photodiode 
(APD), leading to a substantial reduction of noise but not yet achieving single pho-
ton response.

The weakest light flashes that can be detected by the PIN diode need to contain 
several hundreds of photons. An improvement of the sensitivity by two orders of 
magnitude was achieved by the development of the avalanche photodiode, a device 
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with internal gain. At the end of the millennium, the semiconductor detectors 
evolved with the Geiger-mode avalanche photodiode into highly sensitive devices, 
which have an internal gain comparable to the gain of photomultiplier tubes and a 
response to single photons.

Solid state devices have the big advantage that they can be produced in standard 
fully automated processes and can therefore be cheap. They can be customized to 
individual needs in a short time, i.e. within few months, they have low mass and 
very small space consumption, and they need only a low operating voltage. The 
detector by itself is only about 0.3 mm thick, and the housing thickness can be less 
than 0.5 mm. In addition, they are insensitive to magnetic fields with a theoretical 
limit of about 15 T. The quantum efficiency is very high in all solid state devices, 
because basically only the reflection at the surface reduces the detection probability. 
A silicon photodiode has a QE of 85 % in almost the whole range of visible light 
[22]. In the blue range of the spectrum, where most scintillating crystals have their 
peak emission, the QE is still 70–80 % (Fig. 3.5). It is difficult to achieve a high QE 
below ≈400 nm because of the very short absorption lengths of UV photons.

5.2  Detectors Integrating Over Many Photons

In detectors integrating over many photons (subsequently called integrating detec-
tors) the signal is proportional to the number of photons per time interval. Integrating 
light detectors nowadays are mostly found in image processing for consumer or 
medical applications. Best known are simple versions, called Charged Coupled 
Devices (CCD), which can be found in digital cameras as well as in highly sophis-
ticated devices in astronomical telescopes or as X-ray detectors on satellites. CCDs 
made of an array of pixels have a quantum efficiency of 70 % and more over a rather 
wide spectral range, making them far more sensitive than photographic films, which 
capture only about 2 % of the incident light.
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Faster, cheaper and less power-consuming are the Monolithic Active Pixel 
Sensors (MAPS) or Complementary Metal Oxide (CMOS) image sensors, which, in 
contrast to CCDs, are compatible with the Complementary Metal Oxide production 
technology. All components necessary for the readout can be implanted on one 
single piece of silicon.

In hybrid pixel detectors, a pixelized sensor chip made of any kind of semicon-
ductor material is bump-bonded to a readout chip. Photon detection with this tech-
nique is only possible when the photon energy exceeds several keV. In imaging 
applications, the hybrid pixel detectors define the incident radiation through the 
counting of the radiation quanta in every pixel [23].

For radiography, the MEDIPIX (versions 1, 2 and 3) chip [24] and the MPEC 
chip [25] have been developed. These chips can be combined with sensors made of 
various semiconductor materials including the high-Z material CdTe.

The first large-scale hybrid pixel detector in operation is the PILATUS detector 
[26], developed at the Paul-Scherrer-Institute in Switzerland for proton crystallog-
raphy experiments like at the Swiss Light Source (SLS). A remarkably low energy 
threshold below 3 keV has been obtained with 320 μm thick Si sensors [27]. 
PILATUS is a modular system. Each module consists of a Si sensor bump-bonded 
to an array of 8 × 2 chips using indium balls. It has 487 × 195 pixels with a pixel size 
of 0.172 mm. The 16 chips of a module are read out in parallel within a read-out 
time of ~2 ms. The PILATUS 6 M contains 6 × 12 modules, spans an area of 
424 × 435 mm2 and has six million pixels in total. With thin (20 μm) YAG(Ce) or 
LuAG(Ce) scintillating screens coupled to CCD cameras a spatial resolution of a 
few micron has been achieved. Very high efficiency can be achieved in fiber optics 
plates with CsI scintillators, again coupled to CCDs. CsI can be grown in a column 
structure. The scintillation light is confined to the columns in a similar way as in 
fibers and is guided towards the sensor, which typically is a CCD, but can as well be 
a sensor of the MEDIPIX type. The spatial resolution is defined by the diameter of 
the columns, which can be as small as 10–20 μm.

5.3  The PIN Photodiode

The PIN photodiode is one of the simplest types of photodiodes. It is an intrinsic 
piece of high ohmic semiconductor sandwiched between two heavily doped n+ and 
p+ regions (Fig. 3.6). It is produced by standard semiconductor processes: boron 
diffusion on one side and phosphor diffusion on the other side of a high purity 
n-type silicon wafer. This configuration produces a field, which, even without an 
external field supplied, will tend to separate charges produced in the depleted region. 
The separated charges will be swept to the terminals and detected as current pro-
vided that they do not already recombine inside the semiconductor. The thick layer 
of intrinsic silicon (300 μm) reduces the capacitance of the diode and, thus, the 
serial noise, and makes it sensitive to red and infrared light, which has a rather long 
absorption length in silicon. Since this layer has a very low concentration of 

D. Renker and E. Lorenz



101

dopants, only a small voltage is required to deplete the device completely. An addi-
tional advantage is the fact that the recombination/generation time constant is lon-
gest in case of undoped materials, which also provide a minimal thermal generation 
current. Clearly the top p-layer, which cannot be depleted, needs to be transparent 
to incoming light. A thin, but highly doped layer is used in silicon photodiodes.

The operation of a PIN photodiode is simple and reliable, but, since it has no 
internal gain, a charge sensitive amplifier and a low bandwidth filter amplifier are 
needed for the detection of low light level signals above the sizeable noise caused 
by the leakage current and the large diode capacitance, which is typically some 
40 pF/cm2. On the other hand, due to the absence of internal gain, PIN photodiodes 
offer an exceptional stability. For the treatment of noise, we refer to [28]. The use of 
a charge-sensitive preamplifier and a filter amplifier makes the signal slow. The low-
est intensity light flash detectable above noise needs to be several hundred photons 
for state of the art cm2 PIN photodiodes and filter time constants of a few μs.

Nowadays, PIN diodes with areas of 10 cm2 and more are available, and it is easy 
to manufacture position sensitive arrays—even monolithic ones—with a large num-
ber of elements. As mentioned before, the noise of large PIN photodiodes increases 
proportionally to the area, respectively to the diode capacitance.

The low signal-to-noise ratio requires long integration times in the electronics, 
reducing the ability to determine the arrival of the pulses, which is an important 
aspect for PET. Therefore, PIN photodiodes are generally not suitable for use in 
PET. In combination with PMTs PIN photodiodes have been used to measure the 
depth of interaction in a PET detector [29].

5.4  Silicon Drift Photodiode

If a low noise for a large area readout is required, a possible way out is drifting the 
photoelectrons to a small collection area with a low capacitance. A caveat is that the 
drift collection times can be quite long and again the readout will be rather slow; in 
addition, the flux has to be low to avoid pileup. The silicon drift photon detector 
(SDD) is a fully depleted diode in which an electric field nearly parallel to the 
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surface is created by properly biased continuous field strips. Figure 3.7 shows a 
typical example. The field configuration drives free electrons created anywhere in 
the depleted volume towards a collecting anode in the center. The unique feature is 
a low noise due to an extremely low anode capacitance, which is, moreover, inde-
pendent of the detector area. It is possible to achieve a noise level of only a few 
electrons, albeit with a jitter in time due to the normally unknown photon conver-
sion location and thus due to the drift delay. To take full advantage of the low output 
capacitance, the front-end n-channel JFET of an amplifier can be integrated on the 
detector chip close to the n+ implanted anode.

Examples for the excellent performance of these devices are given in [31, 32].  
A circular SDD with an active area of 30 mm2 has been coupled to the high light 
yield scintillator LaBr3(Ce) and yielded an energy resolution of 2.7 % FWHM for 
the 662 keV line of 137Cs when converted in the scintillator.

Gamma cameras of the Anger type with the excellent spatial resolution of 
0.35 mm FWHM (Fig. 3.8) have been built [33] or are under construction [34].

6  Solid State Photon Detectors with Internal Amplification

6.1  Avalanche Photodiodes

A modification of the photodiode leads to a device known as the avalanche photo-
diode (APD). The APD is another step towards increasing the sensitivity of photon 
detectors by reducing the noise at high bandwidth. An avalanche photodiode 
(APD) is a p–n device with internal gain due to the high internal field at the 

Fig. 3.7 Cross section of a cylindrical silicon drift detector with an integrated n-channel JFET. 
The entrance window is the non-structured backside. Reprinted with permission from [30]
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junction of positive and negative doped silicon. In an APD, a photoelectron in this 
field gains enough energy to create an electron–hole pair by impact ionization; 
both the initial electron and the additional electron again undergo high acceleration 
and can initiate further electron–hole pairs—thus starting an avalanche. The elec-
tric field must reach a critical value, called the impact ionization threshold, which 
is approximately 1.75 × 105 V/cm for silicon, before electrons can gain sufficient 
kinetic energy to generate electron/hole pairs [35]. The field strength for holes to 
generate impact ionization is around 2.5 × 105 V/cm [36]. The impact ionization 
process generates M additional carriers on average, where M is called the multipli-
cation gain. The multiplication in practical APDs is moderate, between 50 and 
200. A gain of 104 is in principle possible, but at gain values higher than a few 
hundred, the environment (e.g. temperature and voltage supply) needs to be 
strongly regulated because the APD has to be operated extremely close to the 
breakdown voltage.

Again, the QE is in the of 70–85 % range. When combined with the relative high 
gain, this leads to roughly equivalent performance for energy and timing compared 
with PMT-based detectors. APDs allow for a more compact PET scanner design, 
which together with the insensitivity of APDs to magnetic fields, makes it possible 
to place the detectors inside of a MRI magnet. Other design possibilities can be 
considered, for example multiple concentric rings of detectors (see Sect. 6.1.7), or 
the use of APD arrays on both front and back surfaces of scintillator arrays. Both 
these designs provide depth of interaction information.

Fig. 3.8 One-dimensional section of two irradiation spots of a collimated 57Co source. The aver-
age spatial resolution is 0.35 mm FWHM. Reprinted with permission from [33]
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6.1.1  Structure of Common APDs

Commonly three alternative APD structures are used:

• Beveled-edge,
• Reach-through,
• Reverse or buried junction APD.

Here we discuss the p-on-n structures with a peak sensitivity in the ‘blue’ region. 
The n-on-p structure is basically a mirrored construction with highest sensitivity for 
red light.

The basic structure of these APDs is shown in the top row of Fig. 3.9, the electric 
field distributions as a function of depth for all three devices in the middle and the 
corresponding multiplication at the bottom. Electrons in both the beveled-edge and 
the reach-through structure have high multiplication rates throughout almost the 
entire device structure while hole multiplication is kept to a minimum. In the shal-
low junction APD (also called reverse APD), by contrast, photoelectrons must be 
generated in front of the p–n junction buried at a depth of a few microns to undergo 
multiplication. Full amplification can only be achieved when the diode is illumi-
nated by blue light which has a very short absorption length of less than 1 μm.
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Fig. 3.9 Device structures, electric field profiles and electron/hole multiplication for (left) 
beveled- edge, (center) reach-through and (right) shallow junction APDs, modified from Webb 
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Due to the production yield, the size of APDs is limited to achieve an extremely 
uniform field distribution over the sensitive area. The biggest area available com-
mercially is 2.5 cm2.

Advanced Photonix Inc. was the first to bring a large area APD on the market. 
The APDs have beveled edges to reduce the surface currents. It has a traditional p–n 
junction, in which the n-type resistivity is chosen such that it makes the breakdown 
voltage very high (~2,000 V). Due to a neutron transmutation process (the naturally 
occurring and uniform distributed 30Si isotope is converted to P), the internal field 
and the gain are very uniform. Consequently, an excellent energy resolution of 
4.3 % FWHM for the 662 keV line from 137Cs has been measured with this so-called 
Large Area Avalanche Photo Diode (LAAPD) from Advanced Photonix in combi-
nation with a YAP:Ce crystal [38] and 3.7 % have been achieved in combination 
with a LaCl3:Ce crystal [39]. The deep UV scintillation light of Argon (128 nm) has 
been detected with a LAAPD at a quantum efficiency greater than 40 % [40].

A reach-through APD has a wide low-field drift region (>100 μm) at the front of 
the device and the multiplying region at the back. Almost the full thickness is active. 
Since most of the thermally generated dark current inside the thick p layer under-
goes electron multiplication, large area devices tend to be noisy.

The third type, the shallow junction APD has its p–n junction close to the 
front surface. An example is the APD developed for the CMS electromagnetic 
 calorimeter [41].

The basic structure is low resistivity silicon with an epitaxial grown layer of low 
doped n-silicon on top. In this top layer with a thickness of 40–50 μm, the p–n junc-
tion is created by diffusion and ion implantation at a depth of ~5 μm. About 
30–40 μm of the epitaxial grown layer of low doped n-silicon remains unaltered and 
acts only as a drift region. However, this reduces the capacitance and, consequently, 
the noise of the device. A groove close to the edge of the device prevents the flow of 
surface currents (Fig. 3.10).

The reverse APD has a number of advantages in PET applications:

• Fast response,
• Small dark current,
• Reduced temperature dependence.

6.1.2  Quantum Efficiency

The QE of a reverse APD is similar to the QE of a PIN photodiode (Fig. 3.5), but 
only photoelectrons created in front of the shallow p–n junction undergo full ampli-
fication while those produced close to the junction or behind see only part of the 
potential, and thus the amplification is reduced. The holes contribute little because 
they have a much smaller ionization coefficient than electrons at the same field 
strength. Photons with long wavelengths often penetrate deeper into the silicon 
(Fig. 3.11) and the photoelectrons have, therefore, less chance to undergo full 
amplification (Fig. 3.12) [42].
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State of the art crystal scintillators with elements with high atomic number 
(needed for PET because of best ratio of the photoelectric absorption to Compton 
scattering) have a peak light emission in the range of 350–500 nm, a range which is 
well covered by reverse APDs.

6.1.3  Excess Noise Factor

The avalanche multiplication in an APD is a stochastic process. The fluctuations are 
described by the excess noise factor F. In theory, it is at high gain (>10) mostly 
attributed to the contribution of the holes to the multiplication [44].

 
F k M M keff eff= ⋅ + −( ) ⋅ −( )2 1 1/

 

 for M F k Meff> = + ⋅10 2:  

 k keff ≈ = β α  

α and β are the ionization coefficients for electrons and holes, α ≫ β in APDs 
biased below breakdown.

The theoretical lower limit of F at small gain is 2. It increases linearly with the 
gain and is ~10 at a gain of 1,000 (Fig. 3.13).

6.1.4  Stability

The gain of an APD exponentially depends on the bias voltage and, therefore, the 
relative change of the gain with voltage is a linear function of the gain. At a gain of 
50, the relative change is ~3.1 %/V and increases linearly to more than 30 %/V at 
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Fig. 3.13 Excess noise factor for different gains (Hamamatsu APD, type S8148). Reprinted with 
permission from [45]
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gain 1,000. Similarly, the gain depends on temperature changes, which are caused 
by the energy loss in interactions of the electrons with phonons (Fig. 3.14). The 
relative change is ≈2.4 %/C at gain 100 and ≈15 %/C at gain 1,000 (Fig. 3.12, all 
values for the S8148 APD from Hamamatsu [22]). Because of the strong sensitivity 
to small changes in the bias voltage and temperature when operated close below the 
breakdown voltage, APDs have to be operated at moderate internal gain and need 
low noise preamplifiers.

6.1.5  Contribution of the APD Parameters to the Energy Resolution

In a scintillation detector with an APD as a readout element, the APD contributes to 
all three conventionally used terms describing the energy resolution:

 

σ E

E

a

E
b

c

E
= ⊕ ⊕

 

In detail, APDs contribute to the stochastic term, a of the energy resolution of a 
crystal-APD system with their area (mismatch of the APD area and the crystal face), 
the quantum efficiency and the excess noise factor. The gain sensitivity to voltage 
and temperature variation increases the constant term b and the capacitance, serial 
resistance and dark current all add to the noise term c.

The dark current of state of the art APDs is very small and the excess noise factor 
is close to the theoretical limit as long as the gain is not too high. Therefore, the 
parallel noise (caused by the dark currents as shown in the first summand in the 
formula below) can only be improved by a short shaping time, which is anyhow 
needed in high rate calorimeters with state of the art scintillation crystals. 
Unfortunately, the short shaping time increases the series noise (caused by the 
capacitance of the APDs as shown in the second summand in the formula below), 
which becomes the dominant part. The APD should have the lowest possible 
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capacitance to achieve the best possible energy resolution. To first order, the ENC is 
expressed by Eq. (17) from [46]:
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 ⋅ + ⋅ ⋅τ

τ  

τ is the shaping time, q the electron charge, Ids the dark surface current, Idb the dark 
bulk current created before the p–n junction, M is the gain, F the excess noise factor, 
Rs the series resistance of the APD and the amplifier input, C the capacitance of 
the APD and the amplifier input, k the Boltzmann constant, and T the absolute 
temperature.

6.1.6  Arrays of APDs

Arrays are available from several manufacturers for applications in nuclear medical 
imaging (SPECT and PET). An array with 32 reverse APDs, for example, is pro-
duced by Hamamatsu [47] specifically for small animal PET scanner design 
(Fig. 3.15). The area of the individual APDs is 1.6 × 1.6 mm2. Radiation Monitoring 
Devices (RMD) produces arrays with up to 169 reach-through APDs with an ele-
ment size of 1 × 1 mm2 [48].

6.1.7  Examples of Small Animal PET Detectors Using APDs

In the following we will show some small animal PET examples, all using the new 
miniaturized photon sensors. Figure 3.16 shows the early prototype small animal 
PET named MADPET (Munich Avalanche Diode PET) using avalanche 

Fig. 3.15 Array of APDs from Hamamatsu with pixels of 1.6 × 1.6 mm2 and a pitch of 2.3 mm
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photodiodes and its advanced version MADPET II, using the APD arrays shown in 
Fig. 3.15. The readout uses the 1:1 coupling. For reducing the parallax error the 
crystals in MADPET II were divided into two radial rings and read out separately, 
allowing for a resolution of less than 1.5 mm [49].

Figure 3.17 shows another design by Dr Woody et al., the so-called RatCAP, 
demonstrating clearly the potential of much more compact designs compared with 
those based on PMT readouts. A comparison with a measurement with the MicroPET 
R4 shows nearly the same resolution [50].

Fig. 3.16 MADPET with 48 detectors in 6 sectors (left) and arrangement of 1,152 crystals in 
MADPET II with two coaxial layers (right) with improved spatial resolution (<1.5 mm). Reprinted 
with permission from [49]

Fig. 3.17 Left: Awake rat wearing the RatCAP that is supported by the tether and mechanical 
counterbalance system. Right: 18F-FDG rat brain images from the RatCAP compared to the same 
animal imaged with a MicroPET R4. Vertical lines show the axial coverage of the RatCAP. 
Reprinted with permission from [50]
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Dr Lecomte and co-workers were the first to realize a PET scanner with APD 
readout at Université de Sherbrooke in Canada. The most recent development which 
employs APDs is the LabPET II [51] shown in Fig. 3.18.

Also, the very compact design of APDs and their insensitivity to magnetic fields 
triggered the construction of first prototypes of combining MRI and PET. A PET–
MRI combination for multimodality imaging was built in 2006/2007 at the 
University of Tuebingen (Fig. 3.19) for the simultaneously acquired images [52].

6.2  Geiger-Mode Avalanche Photodiodes

At the beginning of this millennium the Geiger-mode avalanche photodiode 
(G-APD) was developed. This device can detect single photons just like a PMT with 
a very high gain first dynode and therefore some people call it a ‘Silicon Photo 
Multiplier’ (SiPM). The pulse height spectrum measured with a G-APD shows a 
resolution even better than what can be achieved with the best hybrid photomulti-
plier tubes (Fig. 3.20). “Geiger-mode” describes the feature of these devices 
whereby a photo-generated carrier in the depletion region can trigger a diverging 
avalanche multiplication of carriers by impact ionization. Both positive and nega-
tive carriers (and also photons generated in the avalanche multiplication, see Sect. 6) 

Fig. 3.18 Picture of: (a) ceramic case with bump bonding pads; (b) two APD arrays mounted in 
the ceramic; (c) custom tapered LYSO array; (d) assembled LabPET II module. Reprinted with 
permission from [51]
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are involved with a positive feedback effect, which, when the electric field is high 
enough, makes the carrier multiplication self-sustaining. In linear mode APDs, ava-
lanches develop basically only in one direction (from the p- towards the n-material) 
and stop multiplying when the charge carriers reach the low field area of the n-zone.
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Fig. 3.20 Pulse height spectrum of light pulses with very low intensity recorded with a G-APD 
(left) and a HPD. Reprinted with permission from [53]

Fig. 3.19 Simultaneously acquired PET (filtered back projection, 2.5-mm Gaussian postsmooth-
ing filter) and coronal unenhanced fast low-angle shot MRI (394/5.9, 40° flip angle, six signals 
acquired, 1-mm section thickness, 256 × 256 pixels) images of a mouse head injected with FDG. 
The fused PET/MRI images show good alignment of images acquired with the two imaging 
modalities. The increased uptake of the PET images correlates with the location of the Harderian 
glands behind the eyes in the MRI images. Reprinted with permission from [52]
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Very rarely secondary avalanches are started by holes or secondary photons in 
the p-layer. In G-APDs, the essential new process is the additional initiation of 
 secondary avalanches, triggered by holes and secondary photons in the p-layer.  
A G-APD, therefore, does not turn off by itself and, as a consequence, the avalanche 
process must be quenched by the voltage drop across a high ohmic serial resistor or 
by an active quenching circuit. Another important feature of G-APDs is that it is 
possible to bias small depleted volumes at the p–n junction well over the so-called 
breakdown voltage much longer in time than on average a free electron is generated, 
which would lead to an avalanche breakdown, i.e. it is possible to keep small vol-
umes for a sufficient amount of time in a ‘supercritical state’. It is obvious that large 
depleted volumes with a high electrical field could never be kept biased well over 
the breakdown voltage for a sufficiently long period because enough free electrons 
would always be thermally generated. Initially, the idea to ‘overbias’ small, single 
volumes was tried out in the 1970s of the last century [54, 55].

It is obvious that semiconductors of low band-gap (unless they are strongly 
cooled) or of high impurity will be completely unsuited for G-APDs because it is 
not possible to keep even very small depleted volumes free of charge carriers for 
sufficiently long periods of time. It is also obvious that materials with a high photon 
production (III–V materials for LED or laser diodes) are unsuited because, in the 
case of large secondary photon emission, secondary avalanches can be triggered in 
the entire ensemble of small cells by optical crosstalk.

6.2.1  History

Pioneering work in the development of solid state single photon detectors, biased 
above the breakdown voltage, was carried out in the 1960s of the last century in the 
RCA company by R.J. McIntyre and coworkers [54] and by R.H. Haitz and his col-
leagues in the Shockley research laboratory [55]. The main problem was that only 
very small volumes of Si could be kept depleted for sufficient time above break-
down voltage to keep the diodes sensitive for photons. In most cases, the high inter-
nal bulk current in the depleted volume triggered an instant breakdown when the 
diode bias rose just above the breakdown voltage. Due to improved technologies it 
was possible to keep the depleted volume free of electrons biased well above break-
down for a sufficiently long time. The development led to the so-called Single 
Photon Avalanche Diode (SPAD).

Around 1990, the MRS (metal–resistor–semiconductor) APDs were invented in 
Russia. A very thin metal layer (Ti, ~0.01 μm) and a layer of SiC or SiXOY with a 
resistivity of 30–80 ΜΩ cm limits the Geiger breakdown by a local reduction of the 
electric field. The technology is complicated because all parameters need to be con-
trolled very precisely. The next step was logical: subdivide the MRS structure into 
many cells and connect them all in parallel by an individual limiting resistor 
(Fig. 3.21). The Geiger-mode avalanche photodiode (G-APD) was born. Key per-
sonalities in this development were Golovin [56] and Sadygov [57]. The G-APD is 
produced by a standard MOS (metal–oxide–silicon) process and promises to even-
tually be relatively simple and therefore cheap.
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6.2.2  Properties of G-APDs

High Gain

G-APDs produce a standard signal when any of the cells goes to breakdown. The 
amplitude A is proportional to the capacitance of the cell divided by the electron 
charge times the overvoltage:

 
A C q V Vi b~ / ⋅ ( )−

 

where V is the operating bias voltage and Vb is the breakdown voltage.
When many cells are fired at the same time, the output is the sum of the standard 

pulses

 
A Ai= ∑  

In this way the basically digital device has a linear response. The gain is typically in 
the range of 105–107 but there are also designs with a gain of only 104 (see later discus-
sion). Single photons produce a signal of several millivolts on a 50 Ω load (Fig. 3.22).

No (or at most a simple) amplifier is needed for many applications for single 
photon detection. Particularly low-level light detection with PIN photodiodes or 
linear mode APDs requires high quality shielding to prevent pickup. Because of the 
extremely small extension of the cell size and the high gain, G-APDs have practi-
cally no pickup noise and often need no shielding at all. Since there are no ava-
lanche fluctuations as in normal APDs, the excess noise factor is very small and  
it could eventually be negligible if other contributions from optical crosstalk could 
be suppressed. Groom’s theorem [58] is not valid. This theorem states that the 
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Fig. 3.21 Basic structure of a Geiger-mode avalanche photodiode. Reprinted with permission 
from [57]
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resolution of an assembly of a scintillator and a semiconductor photon  detector is 
independent of the area of the photon detector because, in first order, the photon 
statistic improves linearly with the photon detector area while equally the noise 
increases linearly with the detector capacitance, which is again proportional to 
the area.

Saturation in Case of Bright Light Flashes

The output signal is proportional to the number of fired cells as long as the number 
of photons in a pulse (Nphoton) times the PDE is significantly smaller than the number 
of cells Ntotal (Fig. 3.23). The equation given below is not exact but describes the 
data very well.
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Fig. 3.22 Left: Oscilloscope picture of the signal from a G-APD (Hamamatsu 1-53-1A-1) 
recorded without an amplifier. Right: The corresponding pulse height spectrum. The mean number 
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Two or more photons which convert within the same time in one cell produce 
exactly the standardized signal of 1 single photon. When the number of impinging 
photons times the PDE exceeds 50 % of the available cells, the deviation from lin-
earity becomes more than 20 %. When a spectrum of the response of a scintillator 
and G-APD detector is measured the nonlinear response acts as a compression and 
fakes an energy resolution which looks better than it is in reality.

In PET, SPECT applications this is not a severe disadvantage provided the 
dynamic compression is not too high and easy calibration is possible. G-APDs with 
a very large number of cells (up to 40,000 cells/mm2) have been produced and are 
available from Zecotek Photonics Inc. Fig. 3.24 highlights the deviation from lin-
earity when observing a 22Na source with a crystal read out by a G-APD with 
400 cells/mm2 and with a G-APD of 15,000 cells/mm2.

Sensitivity of the Gain to the Bias Voltage Stability

The G-APD signal stability depends mainly on (a) the stability of the applied bias 
and (b) on temperature changes (see next section). To describe the dependence of 
the G-APD response on the bias voltage one can introduce a voltage dependent 
coefficient kV(V) as follows:

 
k V

A

dA

dVV ( ) = ⋅ ⋅
1

100%
 

Examples of the voltage dependence are shown in Fig. 3.25. The amplitude A of 
the signals of 2 G-APDs from Hamamatsu and Photonique/CPTA have been 
 measured and the coefficients derived [60].

For precision measurements, the voltage has to be regulated at the diode and not 
before the bias resistor, to avoid gain drops due to large temporary light signals, 
resulting in current changes in the resistor and, in turn, a voltage drop.
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Temperature Dependence of the Gain

The breakdown voltage of a silicon diode depends strongly on the temperature 
because of the interactions of the carriers with phonons. Almost all parameters of a 
G-APD are a function of the overvoltage V–Vb. Here we discuss the influence of 
temperature changes on the gain. Similar to the coefficient kV(V), which describes 
the dependence on the bias voltage, we define

 
k V

A

dA

dTT ( ) = ⋅ ⋅
1

100%
 

Again, the amplitudes A of the signals of 2 G-APDs from Hamamatsu and 
Photonique/CPTA were measured at different temperatures and the coefficients 
derived (Fig. 3.26) [60].

For a stable operation, the temperature needs to be controlled with a precision of 
a fraction of a degree. Alternatively, the applied bias voltage has to be corrected to 
compensate for the shift of the breakdown voltage caused by temperature changes.
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Fig. 3.25 Voltage coefficients kV(V) of a G-APD from Hamamatsu (left) and from Photonique/
CPTA (right) depending on the bias voltage at T = 22 °C. Reprinted with permission from [60]
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CPTA (right) as a function of the bias voltage. Reprinted with permission from [60]

3 Photon Detectors for Small-Animal Imaging Instrumentation



118

For the device from Hamamatsu, the bias voltage needs to be increased by 
~50 mV when the temperature rises by 1 °C and if the device is operated with at 
least a VOV > 1 V, while for the Photonique/CPTA device the compensation of bias 
voltage is ~20 mV/°C for VOV > 1 V.

Photon Detection Efficiency (PDE)

The PDE is the product of (a) the quantum efficiency (QE) of the active area, (b) the 
geometric fill factor ε (ε = ratio of sensitive to total area), and (c) the probability that 
an incoming photon triggers a breakdown (Ptrigger). A small correction for the hit cell 
still recovering from a previous breakdown (from noise or a previous light signal) is 
neglected in the current discussions

 
PDE QE Ptrigger= ⋅⋅ε

 

The geometric factor ε needs to be optimized depending on the application. 
Since some space is needed between the cells for separation and the individual 
resistors, the best filling can be achieved with a small number of big cells, and a 
geometric fill factor of 80 % or more is possible. A pixel with cells of large size 
generally has the disadvantage of a low dynamic range and of a larger number of 
periods of insensitivity due to the accumulation of cells in the recovery phase caused 
by the more frequent noise triggers in the larger depleted volume.

G-APDs for SPECT and PET need a large number of cells for unit area. One of 
the preferred materials for PET nowadays, Lutetium Oxyorthosilicate (LSO) crys-
tals, produce many photons (≈15,000 per a 511 keV) and up to a few 1,000s can be 
collected at the end face of the crystals. To avoid saturation effects, the number of 
cells needs to be big for the given viewing area and, in turn, the cells must be small. 
The currently achieved geometric fill factor ε in suitable models is in the range of 
40–60 %. An example is shown in Fig. 3.27.

The triggering probability depends on the position where the primary electron–
hole pair is generated. Compared to holes, electrons have a better chance to trigger 
a breakdown in silicon. Therefore, a conversion of the photon in the p-layer has the 
highest probability to trigger a breakdown. This has been calculated by Oldham 
et al. [61]. They define an avalanche region with a width W and the position x, 
which runs from 0 to W starting at the n-edge (Fig. 3.28).

Oldham and coworkers verified their calculations by illuminating a diode with 
short (390 nm) and long (1,050 nm) wavelengths and achieved good agreement.

G-APDs with an n-on-p structure (sketch in the right pane of Fig. 3.28) operated 
just above the breakdown voltage Vb are inefficient for short wavelength photons 
because these photons must penetrate into the p layer to generate electrons that initi-
ate avalanches when moving towards the n-layer (see Fig. 3.11 for the absorption 
length of photons in silicon). When raising the voltage well above Vb, holes gener-
ated by short wavelength photons in the n-layer will be able to initiate a measurable 
signal. According to Fig. 3.28, a much higher overvoltage is required for obtaining 
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a reasonable blue-sensitivity of n-on-p structures compared to that required in the 
case of a p-on-n structure.

The QE of the active area can reach 80–90 % depending on the wavelength. It 
peaks in a relatively narrow range of wavelengths compared to the QE distribution 
of a PIN diode (Fig. 3.29) because the sensitive layer of silicon is very thin. In the 
case shown in Fig. 3.29, the G-APD structure is p-silicon on an n-substrate. The 
p-layer is 0.5 μm thick on a 4 μm epitaxial n-layer.

Fig. 3.27 Magnified photo of a G-APD produced by Photonique/CPTA

Fig. 3.28 Triggering probability for different positions of carrier generation (left, see text, modi-
fied [61]) and sketch of the structure for an explanation of the parameters W and x (right)
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The overall PDE is shown in Fig. 3.30 for a blue sensitive device (p-on-n 
 structure) for the detection of scintillation light from crystals used in PET (BGO, 
LSO or LaBr3), and in Fig. 3.31 for a device with the inverted n-on-p structure use-
ful together with CsI(Tl) in SPECT.

The PDE depends on the overvoltage (Fig. 3.32). Operation at high gain (high 
bias voltage) is favored but, in most cases, a compromise needs to be found because 
at high gain the dark currents and the dark count rate become very high and the opti-
cal crosstalk increases.
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Dark Counts

A breakdown can be triggered by an incoming photon or by any generation of free 
carriers in the depleted layer of a few micron thickness. The latter produces dark 
counts with a rate of 100 kHz to several MHz per mm2 at 25 °C and with a threshold 
at half of the one photon amplitude (Fig. 3.32). Two main processes are responsible 
for dark counts, thermally generated e–h pairs and so-called field-assisted genera-
tion of free electrons.

Thermally generated free carriers can be reduced by cooling. There is a factor  
2 reduction of the thermally generated dark counts with every 8 °C drop in 
temperature.
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Fig. 3.31 PDE of an n-on-p G-APD produced by Photonique/CPTA (SSPM_0710G9MM) oper-
ated about 4 V over the breakdown voltage [62]
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Field-assisted generation without the help of a phonon (trap-assisted tunneling 
[63, 64]) has, compared to the thermal generation, a relatively small effect. It can 
only be reduced by operating the G-APDs at a smaller electric field, thereby lower-
ing the gain and reducing the PDE.

In medical imaging inorganic crystals with a high light yield are used and the 
dark counts are not giving cause for concern because the number of recorded events 
falls rapidly with a high setting of the threshold.

Optical Crosstalk

In an avalanche breakdown, there are on average three photons emitted per 105 car-
riers with a photon energy higher than 1.14 eV, the band gap of silicon [65]. When 
these photons travel to a neighboring cell they can trigger a breakdown there like 
any external photon. This effect is called optical crosstalk. It can be visualized in the 
dark count distribution shown in Fig. 3.33. An avalanche from a dark count can, by 
optical cross talk, occasionally trigger a few additional cells to fire.

The optical crosstalk acts like shower fluctuations in an APD. It is a stochastic 
process and introduces an excess noise factor F as in a normal APD or in a PMT. 
Neglecting saturation effects and contributions from afterpulses and dark counts in 
the wide gate needed for the measurement of light from a scintillating crystal F can 
be approximated:

 F pct≈ +1  

The probability pct is defined by the rate of dark count events with crosstalk 
(threshold 1.5 fired cells) divided by the total dark count rate (threshold 0.5 fired 
cells).
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Fig. 3.33 Dark count rate for different values of the discriminator threshold. The G-APD used in 
this measurement is the S10362-11-050C from Hamamatsu operated at a gain of 7.5 × 105
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With a dedicated design, which has an additional junction and with grooves 
between the cells acting as an optical isolation, the optical crosstalk can be reduced 
[66–68]. The effect of grooves is highlighted by the change in the dark count pulse 
height spectrum shown in Fig. 3.34. Operation at relatively low gain is advanta-
geous for reducing optical crosstalk, albeit with the disadvantage of significantly 
reducing the PDE. A quite convenient alternative method of suppressing optical 
crosstalk is inserting narrow grooves between cells and filling them with an optical 
absorber. The disadvantage is the need for space reducing the active area, i.e. reduc-
ing the fill factor ε and, in turn, the PDE.

A concern in compact scintillator-G-APD arrangements is the fact that photons 
generated in a breakdown of a G-APD penetrate into a crystal that is coupled to the 
G-APD, are then reflected at the end of the crystal and come back to the G-APD 
where some additional cells might be triggered. This effect was simulated by a 
reflector made of aluminized Mylar, which was mounted in front of a G-APD from 
Hamamatsu (type PSI-11-100C operated at a gain of 2.4 × 106) to simulate the emis-
sion into a crystal and reflection of the light at the other end of the crystal.

The peaks from dark counts with internal cross talk (two or more cells fired) 
were enhanced by ~18 % (from 15.7 % crosstalk probability to 18.6 %) by reflected 
photons (Fig. 3.35). With a diffuse reflector (eight layers of Teflon foil) the enhance-
ment was ~12 %.

Afterpulsing

In the silicon volume where a breakdown happened, a plasma with high tempera-
tures (a few 1,000 °C) is formed and deep-lying traps in the silicon are filled. Carrier 
trapping and delayed release causes afterpulses during a period of several 100 ns 
after a breakdown.

The afterpulse probability of the device Hamamatsu S10362-33-050C was mea-
sured by counting dark counts in a gate with a fixed width but variable delay 
(Fig. 3.36). Two components were found with a 50 and 140 ns time constant, respec-
tively [69].
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Scintillator-G-APD detectors need rather long electronic integration times 
(200 ns and more). Therefore the afterpulses contribute to the output signal. Since 
this is a stochastic process the afterpulses contribute to the excess noise factor in a 
way similar to the optical crosstalk.

Recovery Time and Pulse Shape

The time needed to recharge a cell after a breakdown has been quenched depends 
mostly on the cell capacitance and the individual quenching resistor (τ ~ RC). 
Afterpulses can prolong the recovery time, because the recharging starts anew. 
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Some G-APDs need hundreds of microseconds after a breakdown until the  amplitude 
of a second signal reaches 95 % of the first signal. The shortest recovery times is 
found in G-APDs with small cells and small resistors. State of the art devices (for 
example Hamamatsu S10362-33-050) have a recovery time of less than 50 ns (see 
Fig. 3.37 left). A short recovery time is crucial because the saturation effect is 
enhanced when many cells are in a recovery state.

The recharging of the cells defines the fall time of the signals, which is the same 
as the recovery time. When a G-APD is coupled to a scintillating crystal like lute-
tium–yttrium–oxyorthosilicate (LYSO), the rise time of the signals can become 
quite long (see Fig. 3.37, right). This can be explained by a convolution of the G-APD 
signal fall time with the time distribution of the photon emission of the LYSO 
 scintillation [70].

Timing

The active layer of silicon in a G-APD is very thin (2–4 μm) and the process of the 
breakdown development is fast. In addition, the signal amplitude is large because of 
the high cell capacitance. Therefore, very good timing properties even for single 
photons can be expected. Fluctuations in the avalanche development are mainly due 
to a lateral spreading by diffusion and by the photons emitted in the avalanche [71, 
72]. The vertical avalanche build-up contributes only little to the timing. Figure 3.38 
shows a measurement of the time response of a G-APD in the case of single photon 
triggers [53]. The authors state a 40 ps contribution from both the used laser and the 
electronics. The result, then, is a time resolution with a standard deviation of 42 ps. 
Operation at high overvoltage (high gain) improves the time resolution.

The time resolution of PET detectors based on LYSO crystals and G-APDs is 
dominated by the spread of the arrival time of the scintillation photons at the entrance 
window of the G-APD caused mainly by the variation in path length in the crystal 
with a high index of refraction (n = 1.82). With two types of G-APDs, the so-called 
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SiPM produced in MEPHI/Pulsar and the MW-3 produced by Zecotec Photonics, 
similar time resolutions of about 800 ps have been measured [73, 74]. Figure 3.39 
shows an example of such a measurement.

Radiation Hardness

G-APDs have been irradiated with ionizing radiation (60Co) and started to show 
damage effects at doses of about 200 Gy. This is several orders of magnitude  
more than the dose that can be expected in SPECT or PET even in a long opera-
tion period of 10 years. For medical application G-APDs can be considered as 
 radiation hard.

Fig. 3.38 Time resolution 
for single photons. Reprinted 
with permission from [53]

Fig. 3.39 Time difference 
between the signals from two 
identical detectors made of 
LYSO (2 × 2 × 12 mm3) 
coupled to G-APDs at the 
registration of two 511 keV 
γ-quanta emitted 
simultaneously at 180º from a 
22Na source positioned 
between the detectors. The 
dashed line is a Gaussian fit 
to the data. Reprinted with 
permission from [74]
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6.3  Examples of Some Detectors Using G-APDs  
as Readout Sensors

As G-APDs are still in the developmental phase, nuclear medical instruments using 
G-APDs are rather sparse. Currently, the efforts concentrate on PET developments 
and on the proof of concept demonstrators for small animal imaging devices. The 
two main drawbacks are the much higher price per unit of sensitive area compared 
to PMTs, and the requirement to wait for maturity of the device before starting on 
the design of large detectors for human medical applications. On the other hand, the 
development of small animal imaging devices is an excellent training ground for 
what might be achieved later in large scale production. In the following we briefly 
mention two developments, the AX-PET and a development pursued at the 
University of Tuebingen.

The AX-PET is a novel concept for a 3-D axial PET geometry [75]. It allows for 
a new way of measuring the interaction point in the detector with very high preci-
sion. Figure 3.40 shows the basic concept of the AX-PET. It is based on a matrix of 
long LYSO crystals oriented in the axial direction, each coupled to one G-APD 
array. To derive the axial coordinate, WLS (Wave Length Shifter) strips are 
mounted orthogonally and interleaved between the crystals. The light from the 
WLS strips is read by custom-made G-APDs. The weighted mean of the signals in 
the WLS strips has proven to give a very precise axial position information. The 
achievable resolution along the three axes is mainly driven by the dimensions of the 
LYSO crystals and WLS strips. This concept is inherently free of parallax errors. 
Furthermore, it will allow identification of most Compton interactions in the detec-
tor and reconstruction of a fraction of them, which is expected to enhance image 
quality and sensitivity.

Fig. 3.40 Sketch of the principle and the building components (LYSO crystal, WLS strips and 
readout by G-APDs)
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The results are [75]:

• Energy resolution: 11.5 % FWHM @ 511 keV
• High achieved light collection and accordingly a large number of photo electrons 

created in the G-APD (~1,000 pe @511 keV)
• Axial spatial resolution: 1.1 mm FWHM

The second example is a study of the block detector concept for reading out a 
matrix of 144 small LSO crystal bars, 1.5 × 1.5 × 10 mm3 each, by only 9 G-APDs 
[76]. It was decided to use 9 G-APDs instead of only four for the block readout 
concept, because the currently largest available commercial G-APDs have an area 
of only 3 × 3 mm. By using simple summing amplifiers the signals of the 9 
G-APDs were reduced to only four signals. The matrix was coupled by means of 
a simple and not yet optimised light guide to the G-APDs, which cover only 
≈29 % of the crystal block end face. Figure 3.41 shows the basic elements and the 
achieved crystal map. The mean energy resolution achieved over the entire block 
was 24 % (FWHM) and the averaged timing resolution 0.96 ns. The group also 
tested the influence of a strong magnetic field by placing such a detector inside a 
MRI magnet. Nearly no degradation of performance was observed, i.e. it was 
confirmed that such a block readout could be used for a PET–MRI simultaneous 
acquisition.

7  Additional Comments

In this section, we to briefly mention some rather special issues beyond the main 
function of photon sensors.
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Fig. 3.41 Detector components (a: the G-APD array and a photograph of the array, b: the projec-
tion of the light guide and configuration of cuts) and (c) first result of the crystal map
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7.1  A Comment on Photon Sensor Costs

Photon sensor costs are now a major factor in the entire imaging device: in the  typical 
component chain: scintillator crystals → photon detectors → electronics → readout, 
the photon detector development is progressing at slowest speed. Better crystal qual-
ity as well as a reduction of prices has been seen in recent years. The production of 
better, cheaper and more complex electronics with a higher potential of integration is 
progressing fastest. The performance of data storage and computing power is dou-
bling nearly by a factor 2 within 18 months. Not following the trend are the costs of 
photon sensors. The unit price for the active area of a G-APD is still between factors 
10 and 100 higher than that of PMTs. The high price prevents rapid progress and, in 
turn, the commercialisation of cost effective small animal imaging devices.

7.2  Integration of Electronics onto the Semiconductor  
Photon Sensors

Semiconductor photon sensors bear another potential. Extrapolating a few years 
into the future it is quite likely that step by step the control electronics (bias control, 
temperature control…) and later the signal processing electronics (amplifiers, sum-
ming amplifiers, digital electronics for the trigger, etc.) will be integrated on the 
same chip. The potential for linear mode APDs is much lower than that for the 
G-APDs because of quite disjunctive production methods and much higher opera-
tion voltage. As G-APDs production methods are close to the MOS technology it is 
a natural path towards integrating electronics on the same chip by MOS technology 
(preferentially by the high voltage MOS production procedure).

7.3  The Trend Towards Multimodal Imaging

In small animal imaging one would also prefer to simultaneously retrieve physio-
logical and morphological data in coincidence, i.e. by combing for example CT 
with PET or MRI with PET. Particularly the increase in special resolution can only 
be fully used if one knows the morphological structure in the time of data acquisi-
tion. Especially the combination of MRI and PET should soon be realisable, because 
the interference of a PET detector using miniature semiconductor photon sensors 
and an MRI installation would be minimal except for a small reduction of the FoV 
inside the MRI magnet. Therefore, the need of combining PET and MRI will be a 
strong driving force to further improve solid state photon detectors. While the proof 
of concept has already been demonstrated last year for linear mode APD readout, 
the first demonstration of using the more robust G-APDs will very likely happen 
within late 2009 or 2010. The combination of CT and PET will be more complex 
because of the incoherence of the detection processes.
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8  Outlook

Photon detectors are an essential element in nearly all modern small animal imaging 
detectors. The usual strong need to miniaturise detectors and to improve their per-
formance, as well as the need to reduce costs, nowadays results in intense develop-
ments for replacing the classical workhorse of past times for PET and SPECT, the 
PMT, by solid-state photon detectors. Developments concentrate on G-APDs for 
both PET and SPECT and very soon detectors combing PET and MRI will be avail-
able, first as prototypes and a few years later as commercial products. The main 
drive behind such a development is the large step in miniaturisation on the photo 
sensor size and the insensitivity to magnetic fields. It will take at least 2–4 years 
until G-APDs will have reached a high level of maturity.

In the typical component chain: scintillation crystals → photon detectors → elec-
tronics → readout’ the photon detector development is progressing with the slowest 
speed. The developments for CT sensors are going on with even slower speed. What 
is missing is a persuading idea of how to change from analogue readout to a simpler, 
high rate digital readout, which might allow one to reduce the very high radiation 
load by about a factor 10 without spoiling the resolution.

In the following years we might expect some major improvements in G-APDs 
produced on other indirect semiconductor materials with a higher bandgap than that 
of Silicon, the successive integration of electronics onto the semiconductor photon 
sensor chip moreover the production of large monolithic matrices of G-APDs for 
coupling to crystal matrices of fine pixelisation. Figure 3.42 shows a first monolithic 
matrix of 8 × 8 G-APDs.

Fig. 3.42 8 × 8 Arrays of Geiger-mode APDs produced by Zecotek Photonics Inc
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1  Introduction

1.1  Rationale for Small Animal SPECT as a Research Tool

Single photon emission computed tomography (SPECT) is a tomographic imaging 
modality based on the radiotracer principle [1]. It is used to measure the 3D distri-
bution of radiolabelled molecules in vivo using very sensitive radiation detectors 
and mathematical image reconstruction algorithms. Although SPECT has been used 
as a clinical tool for several decades, it is also well suited to imaging small animal 
models of human disease, such as laboratory mice and rats, for pre-clinical research. 
Because of the relatively long physical half-lives of single photon emitters 
(Table 4.1), SPECT is best suited to the study of macromolecules, such as antibod-
ies and proteins, which have relatively slow rates of accrual at their target sites and 
slow plasma clearance. Additionally, proteins and antibodies are easily labelled 
with one of the radioisotopes of iodine (125I, 123I or 131I), or else by attaching a chelat-
ing agent incorporating one of the other common single photon emitters with suit-
able imaging properties, such as 99mTc or 111In. Conversely, the closely related 
radiotracer technique positron emission tomography (PET), which is discussed in 
the following chapter, is best suited to the study of small molecules such as syn-
thetic drugs which have relatively fast kinetics in the body. Thus, the two techniques 
are highly complementary in the pre-clinical research environment.
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1.2  Pre-clinical Applications of SPECT

The instruments and techniques used to acquire a small animal SPECT study are 
determined by the research question, the species of animal, the structure and physi-
ology of the organ(s) of interest and the desired spatial resolution and sensitivity. 
The size of the smallest structure to be imaged and the activity distribution within 
tissue are important considerations for determining the required spatial resolution of 
the system [2]. Imaging of the rodent brain, myocardium, skeletal system or a 
tumour may have different spatial resolution and sensitivity requirements. For 
example, the brain is a complex structure requiring high spatial resolution and sen-
sitivity in order to quantify radiopharmaceutical uptake in structures such as the 
striatum and cerebellum for studying the dopaminergic system [3, 4]. Imaging the 
rodent skeleton requires high spatial resolution; sensitivity is less critical, however 
an extended axial FOV is required to image the whole skeleton. Engrafted tumours 
often exhibit a heterogeneous distribution of radiopharmaceutical due to rapid 
tumour growth and tissue necrosis, which require high spatial resolution for accu-
rate quantification. With appropriate collimation and detector configuration, whole 
body sub-millimetre spatial resolution can be achieved for rodent skeletal and 
tumour imaging [5].

High system sensitivity is required when investigating tracer kinetics and quan-
tifying uptake. Many SPECT systems support dynamic acquisition for studying 
tracer kinetics, but reliability of kinetic parameter estimates is dependent not only 
on temporal resolution but also good signal to noise ratio (SNR). For cardiac and 
lung imaging, physiological motion may cause excessive blurring. Using a physio-
logical trigger, such as the ‘R’ wave from an electrocardiograph (ECG), SPECT 
projections can be divided into discrete time bins that represent different parts of the 
physiological (e.g. cardiac) cycle. Reconstructing and sequentially displaying each 
frame in the cycle allows visualisation and quantification of radiopharmaceutical 
uptake during different phases of the periodic motion. Gated SPECT also allows 
quantitative analysis of myocardial contractile function and/or motion correction of 
the respiratory cycle.

Some applications require the capability to simultaneously image multiple radio-
nuclides with different emission energies. For example, Zhou et al. co-injected ani-
mals with 111In-oxyquinoline labelled stem cells and 99mTc-sestamibi, enabling 
simultaneous imaging of the engraftment of stem cells and perfusion defects in the 
infarcted rat myocardium [6]. Here, the 245 keV photons of 111In and the 140 keV 

Table 4.1 Single photon- 
emitting radionuclides 
commonly used in small 
animal imaging studies and 
their physical characteristics

Radionuclide Main emission energy (keV) Half-life
99mTc 140 6.02 h
123I 159 13.3 h
131I 364 8.2 days
125I 20–35 (X-rays) 59 days
111In 171, 245 2.8 days
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photons of 99mTc were imaged simultaneously in separate energy windows. Such 
studies require good energy resolution to minimise cross-talk between radionuclide 
measurements.

These are just some of the very broad areas of application of small animal SPECT 
in preclinical research. More specific examples are given in later chapters. The key 
point is that the performance parameters of small animal SPECT systems are very 
application dependent. Therefore, the intended research applications are an impor-
tant consideration in the design of small animal SPECT systems.

2  Design Principles

The basic unit of a SPECT system is the radiation imaging detector, also called a 
gamma camera. The gamma camera senses the photon emitted by a radiation source 
and determines the two-dimensional position of its interaction within the detector 
plane (in some detector designs, depth within the finite thickness of the absorber 
may also be encoded) and the resulting energy deposited within the detector. Thus, 
typically a gamma camera produces an X and Y signal representing the position 
coordinates of the absorbed photon and a Z signal representing its energy. The dif-
ferent types of radiation detector and the technologies that underpin them were 
described in detail in Chaps. 1 and 2. The specific choices appropriate for SPECT 
are discussed in Sect. 3.5 of this chapter.

In PET, the position coordinates recorded on two opposing detectors are suffi-
cient to determine the trajectory of the annihilation photon pair. This is not the case 
in SPECT. The position coordinates recorded by a gamma camera tell you where the 
photon was absorbed but not where it came from. To determine the trajectory of the 
photon, another key component of the gamma camera is required—the collimator. 
This is a device attached to the gamma camera and constructed of material with suf-
ficient density and thickness to absorb most of the emitted photons, allowing only a 
small fraction to pass through one or more open apertures and reach the detector 
along certain preferred trajectories. For small animal SPECT, the pinhole collimator 
is the most common design as it provides the best resolution-sensitivity trade-off for 
imaging small objects. However, there are other alternatives and there are various 
pinhole designs optimized for different imaging conditions. These are discussed in 
detail in Sec. 3.6.

Since SPECT is not affected by positron range or non-collinearity effects, it is 
capable of higher spatial resolution than PET, especially when pinhole collimation 
is employed, but at the expense of considerably lower sensitivity (approximately 
1–2 orders of magnitude lower than PET). The sensitivity of SPECT can be 
improved by designing the collimator aperture(s) to allow more photons to pass 
through per unit of radioactivity, or by increasing the number of pinholes and detec-
tors surrounding the animal. However, increased collimator sensitivity comes at the 
cost of poorer spatial resolution, while increasing the number of detectors increases 
the cost of the system. For certain types of collimation—in particular focusing 
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collimators, such as pinholes—sensitivity and spatial resolution can both be 
improved by minimizing the distance between the pinhole(s) and the subject, at the 
same time constraining the size of the field of view (FOV). These choices need to be 
carefully considered in view of the species and organs to be imaged.

Thus, the key trade-offs in SPECT system design are between sensitivity, spatial 
resolution and the size of the FOV, with cost being an additional, sometimes limiting, 
constraint. Other considerations include the requirement for quantitative measure-
ments (e.g. absolute tracer concentrations and/or physiological parameter estimates) 
and the importance of accurately co-registered structural images, such as those pro-
vided by X-ray computed tomography (CT) or magnetic resonance imaging (MRI). 
These considerations drive choices about system configuration and integration of 
complementary imaging modalities. There are a number of commercial small animal 
SPECT systems now available, including SPECT–CT hybrid systems. Most are 
capable of sub-millimeter spatial resolution and have sufficient sensitivity and quan-
titative capability to perform studies of tracer kinetics. There remain many chal-
lenges to further improving the spatial resolution, sensitivity and functionality of 
preclinical SPECT systems through the development of new instrumentation, imag-
ing techniques and data analysis algorithms. The key drivers for addressing these 
design challenges are discussed in the following sections.

2.1  Spatial Resolution Versus Sensitivity

There is a trade-off between system spatial resolution and sensitivity which is ulti-
mately determined by appropriate choice of detector and collimator design. The 
parameters of these are further constrained by several other factors such as FOV size 
and energy of photons. For parallel hole and pinhole collimator designs, improve-
ments in spatial resolution are usually at the cost of sensitivity [2]. As the diameter 
of the collimator hole increases the number of photons that can pass through to the 
detector (sensitivity) also increases but the precise origin of the photon (spatial reso-
lution) becomes more difficult to determine. Parallel collimators are sometimes use-
ful for whole body small animal planar imaging, but the spatial resolution is limited 
by the intrinsic resolution of the detector, collimator design parameters and distance 
from the animal. Pinhole collimators are more frequently used for small animal 
imaging as they offer the best trade-off between spatial resolution and sensitivity for 
small objects [5, 7]. Magnification of the projection image due to the pinhole geom-
etry improves the observed spatial resolution beyond the intrinsic resolution of the 
detector. Moving the object closer to the pinhole aperture magnifies the projection, 
resulting in further improvement in spatial resolution and sensitivity of the system, 
but at the cost of a smaller FOV as shown in Fig. 4.1. For parallel-hole collimators, 
the sensitivity is approximately independent of the distance between the collimator 
and object, as illustrated in Fig. 4.1b.

A mouse is approximately 3,000 times smaller by volume and weight than a 
human [8, 9]. Given that a typical clinical SPECT system has volumetric spatial 
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resolution of approximately 1 cm3 at the centre of the FOV, a mouse SPECT system 
would require volumetric resolution of 3 × 10−4 cm3 (i.e. linear spatial resolution of 
0.7 mm) in order to achieve comparable delineation of organs and structures of 
interest. This may seem a daunting challenge but Fig. 4.1 indicates that a target 
resolution of 0.7 mm can be achieved with pinhole collimation when the centre of 
the FOV is approximately 20 mm from the pinhole focus, a realistic distance for a 
mouse. The greater challenge is to acquire enough counts in each voxel to support 
this resolution and, thus, achieve similar signal-to-noise to a clinical SPECT study 
with much larger voxels.

The relatively poor sensitivity of pinhole SPECT can be offset by increasing the 
administered dose of radioactivity to the animal. This tends to result in higher radia-
tion doses being administered to rodents than humans relative to their volume and 
mass [8]. Hence, careful consideration needs to be given to the potential impact of 
a high radiation dose to the animal. This is particularly true for longitudinal studies 

Fig. 4.1 The effect of source 
to collimator distance on 
system spatial resolution and 
sensitivity for pinhole and 
parallel hole collimators. 
Intrinsic resolution of the 
detector is assumed to be 
1 mm and the aperture 
diameter is 0.5 mm for the 
pinhole and 0.5 mm for the 
parallel hole collimator.  
Focal length of the pinhole  
is 80 mm while septal length 
and thickness of the parallel 
hole collimator are 25 and 
0.15 mm respectively. Note 
that at short distances the 
pinhole collimator leads to 
both improved resolution and 
sensitivity compared with the 
parallel hole collimator, but 
also a reduced FOV
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where multiple doses of radiopharmaceutical are administered. Researchers need to 
be confident that SPECT measurements as a function of time are a result of disease 
progression or intervention and not radiation induced changes. Funk, Sun and 
Hasegawa estimated the whole body radiation dose for radionuclides commonly 
used in small animal SPECT and PET imaging [10]. The radiation dose for a mouse 
is generally greater than that for a rat by a factor of 10 for the same administered 
activity, due to its smaller body mass. They found that the whole body radiation 
dose in mice varied between 6 cGy and nearly 1 Gy which is only an order of mag-
nitude less than the lethal dose (LD50/30 approx. 7 Gy) for a mouse. Thus, it is
recommended to limit the radiation dose to 10 cGy or less for mice involved in 
longitudinal studies. The need for high spatial resolution and low radiation dose is 
driving the development of small animal SPECT systems with higher sensitivity.

2.2  The Need for Quantification

The observed distribution of radiopharmaceutical within a small animal is usually a 
qualitative or semi-quantitative measure. The uptake within organs and various tis-
sues can be visually compared to uptake in surrounding structures. The ability to 
provide an absolute measure of tracer concentration in tissue, and/or quantify physi-
ological kinetic parameters, may enhance understanding of the in vivo behaviour of 
the radiopharmaceutical and the pathophysiology of disease. The impact of an inter-
vention may also be better understood with quantitative measurements of tracer 
distribution as a function of time within the same animal. When quantification is 
performed the tracer distribution is expressed as absolute radioactivity or percent-
age of injected dose per unit tissue volume. Tracer kinetics can be observed by 
acquiring a dynamic sequence of tomographic data over an extended time, typically 
up to 90 min following administration. PET is considered ideal for such studies 
because of its high sensitivity and temporal resolution. Recent advances in small 
animal SPECT have seen greatly improved sensitivity and full ring systems making 
tracer kinetic studies now possible [5, 11].

The small size of a rodent makes the bias caused by photon attenuation much 
less than that which occurs in larger animals and humans. However, for accurate 
quantification, this error needs to be considered and corrected for. One approach is 
to assume a constant linear attenuation coefficient for the whole animal (i.e. uni-
form tissue density) and correct for attenuation based on the distance travelled by 
the gamma ray within the animal. This approach works well for soft tissue within 
the abdomen but problems arise when quantifying myocardial tissue uptake due to 
the different densities of myocardial and surrounding lung tissue. A more accurate 
approach is to create an attenuation map from a CT volume and correct for SPECT 
attenuation errors during reconstruction. The CT derived attenuation data need to 
be calibrated for the difference in photon energy between the X-ray source and 
SPECT radioisotope. The accuracy of this technique has been demonstrated in sev-
eral studies (e.g. [12]).
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Li et al. [13] demonstrated the feasibility of using highly magnified pinhole 
SPECT for quantification by accurately (<7% bias) determining the activity of point 
sources in air and water. The method used a filtered backprojection reconstruction 
algorithm that considered the impact of attenuation, scatter, pinhole geometric 
response and system misalignment. Acton et al. [3] quantified dopamine transport-
ers in the mouse brain using 99mTc TRODAT-1 and a triple detector clinical system 
fitted with custom made single pinhole collimators. The investigators used a simpli-
fied reference tissue model to quantify kinetic parameters [14], which had been 
previously validated in primates, thus avoiding the need for arterial blood sampling, 
which is difficult to perform in mice.

High spatial resolution is important when quantifying tissue uptake of radiophar-
maceutical as borders can be clearly defined and the impact of the partial volume 
(PV) effect is reduced. When an imaging system has low spatial resolution, events 
from an adjacent projection pixel or reconstructed voxel spill in or out of the area of 
interest. This problem causes a loss of accuracy within the area of interest known as 
the PV effect. In the study by Acton et al. [3] the pinhole SPECT spatial resolution 
was 0.83 mm at 30 mm radius of rotation, which is better than can be achieved with 
current small animal PET systems. The in vivo SPECT tissue uptake measurements 
correlated strongly with ex vivo tissue counting, validating the quantification 
method used. The test–retest value was a low 2.6 %, indicating that this method is a 
useful technique for longitudinal studies. Future improvements in the sensitivity of 
small animal SPECT systems will allow shorter time frames between acquisitions 
and include anatomical localisation for correctly identifying tissue boundaries.

In summary, quantitative errors can be corrected in small animal imaging but 
their magnitude is influenced by the spatial and energy resolution of the SPECT 
system, the choice of radionuclide and the geometry of the radiopharmaceutical 
distribution within the animal.

2.3  The Need for Anatomical Localisation

It is desirable to localise foci of increased or decreased radiopharmaceutical uptake 
in relation to surrounding anatomical structures to ensure correct interpretation of 
the image. It is often the case that radiopharmaceuticals with high specificity for 
their target site also exhibit less non-specific uptake in surrounding organs and tis-
sues. Paradoxically, radiopharmaceuticals with a lot of non-specific uptake in sur-
rounding tissues provide information that helps to localize uptake in the target 
tissues.

Methods of identifying the localisation of a radiopharmaceutical include using 
external markers or the administration of a second radiopharmaceutical with differ-
ent pattern of uptake. Placing an external radionuclide marker on the animal in a 
known location provides a reference point for identifying radiopharmaceutical 
uptake. External markers can be difficult to secure to the animal’s fur or skin but are 
an easy method for providing a gross estimate of radiopharmaceutical location. 
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Administering a different radiopharmaceutical that localises within or adjacent to 
the organ of interest can provide a more accurate method of localisation. If radionu-
clides with the same or similar photon energies are used, the study of primary 
importance to the research question should be performed prior to administration of 
the radiopharmaceutical for anatomical localisation. If the radiopharmaceuticals 
have quite different photon energies then simultaneous dual isotope imaging can be 
performed [6]. It is desirable for the radiopharmaceutical of interest to have the 
higher photon energy to minimise Compton or ‘down’ scatter into the lower energy 
window, which would otherwise reduce the quality of the SPECT study.

It is becoming increasingly important in research applications to accurately 
localise radiopharmaceutical biodistribution relative to known anatomical struc-
tures, particularly for new targeted radiopharmaceuticals with low non-specific 
binding. X-ray CT and MRI can provide detailed anatomical information which is 
highly complementary to the SPECT study. Thus, it is common in commercial sys-
tems for SPECT to be one component of a dual- or even tri-modality imaging sys-
tem. There are several possible combinations and approaches to multi-modality 
imaging which are discussed in later chapters, including SPECT/CT (Chap. 12) and 
SPECT/MRI (Chap. 14). The detector developments that give rise to these possibili-
ties are discussed in Chaps. 2 and 3.

3  System Design

3.1  Angular Sampling

To perform SPECT, multiple projections must be acquired from a large number of 
uniformly spaced angles around the subject. Certain conditions for the acquisition 
geometry must be met for the projection data to be successfully reconstructed into 
a volume representing the distribution of radiopharmaceutical. Orlov and Tuy 
described the geometrical requirements for parallel hole and pinhole tomography 
respectively [15, 16]. For a successful SPECT reconstruction, the volume of interest 
must be fully sampled in each of the projections, i.e. the volume must not be trun-
cated, otherwise reconstruction artefacts may result. Additionally, Tuy’s condition 
states that for pinhole SPECT (or any other cone beam geometry), the pinhole focus 
must trace out an arc of a great circle as the detector rotates around the subject in 
order to obtain an accurate reconstruction [15]. In the case of single pinhole SPECT, 
this condition is only satisfied for the central slice through the subject that is co- 
planar with the pinhole aperture. Multiple pinhole collimation can be used to over-
come this limitation, as discussed below.

A key consideration is the number of projection angles around the object, referred 
to as angular sampling, which may affect the quality of the reconstructed SPECT 
volume. For SPECT systems there is a trade-off between the number of projection 
angles and the acquisition time for each projection. If the time for each projection is 

S.R. Meikle et al.



143

too short the data will contain increased noise relative to signal, resulting in poor 
reconstruction results. The kinetics of the radiopharmaceutical, injected activity, sys-
tem sensitivity and duration of anaesthesia all limit the total SPECT acquisition time 
and, hence, limit the acquisition time per projection and/or number of projections.

Sufficient angular sampling for SPECT can be achieved by rotating the detector 
around a stationary animal [17], rotating the animal in front of a stationary detector 
[18] or completely surrounding the animal with stationary detectors [5, 19]. From 
Shannon’s sampling theorem [20], it is necessary to sample at least twice the achiev-
able spatial resolution to ensure resolution is not degraded. The optimal number of 
projections to faithfully reconstruct the object and prevent angular under sampling 
for the available spatial resolution is therefore given by:

 
N D

x
= 






π δ

2  
(4.1)

where D is the diameter of the FOV (or object of interest centred on the AOR) and 
δx is the system spatial resolution [21, 22].

To increase the FOV the animal can be translated in the axial and/or transaxial 
directions through the focal area of the detector(s) during SPECT acquisition. Since 
the locations of the detector and animal are known for each projection the lines of 
response can be determined allowing the extended FOV to be reconstructed into a 
larger volume.

3.2  Retrofitted Clinical SPECT Systems

The initial feasibility studies of small animal pinhole SPECT imaging were per-
formed using human SPECT systems [23]. Clinical SPECT systems usually have 
one or more rectangular or round monolithic inorganic scintillation crystals, each 
300–500 mm wide, coupled to an array of single anode photomultiplier tubes 
(PMT). When a gamma ray interacts with the scintillation crystal some or all of the 
energy is transferred into visible light. The number of light photons is proportional 
to the energy deposited in the scintillation crystal. The location and energy of a 
scintillation within the crystal is determined by analyzing the relative intensity of 
signals produced in the PMTs directly beneath and surrounding the event, a method 
known as ‘Anger Logic’ [24].

Early small animal SPECT imaging studies used existing clinical SPECT sys-
tems retrofitted with specially designed pinhole collimators to obtain high spatial 
resolution and sensitivity for small animal imaging [25]. To overcome the low 
intrinsic spatial resolution of a clinical pinhole SPECT system, a large magnifica-
tion factor must be used. The use of a clinical SPECT system fitted with a small 
aperture pinhole collimator provides a cost effective method of small animal SPECT 
imaging, as the cost of new equipment and ongoing maintenance are avoided. The 
large surface of the detector allows for highly magnified projections, and placing the 
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animal close to the pinhole produces reasonable sensitivity. Unfortunately, there is 
some loss of spatial resolution near the edge of the detector due to parallax error 
caused by the oblique incidence angle of the photon and the finite thickness of the 
crystal. Because clinical SPECT systems are optimised for photon energies of 140–
300 keV they are not well suited to small animal studies using low photon energy 
radionuclides such as 125I (20–35 keV) which produce low light output within the 
crystal. When a SPECT system is used for human and small animal imaging, careful 
consideration needs to be given to scheduling of studies and regulatory require-
ments for shared human and animal imaging equipment. The size and cost of a clini-
cal SPECT system make it less than ideal for a dedicated small animal imaging 
facility [26].

3.3  Systems Based on Compact High Resolution Detectors

The need for dedicated small animal SPECT and breast imaging systems resulted in 
the development of radiation detectors with higher intrinsic spatial resolution [27, 
28]. This was achieved by developing new approaches in PMT and inorganic scin-
tillation crystal designs. The array of single anode PMTs used in a clinical SPECT 
system was replaced by one or more position sensitive PMTs (PS-PMT) which are 
capable of very high intrinsic spatial resolution. These devices, which are discussed 
in detail in Chap. 3, have multiple anodes whose outputs are used to calculate an X 
and Y position signal for each detected scintillation event. The sum of the signals 
from all anodes is proportional to the number of light photons detected in the pho-
tocathode, hence the energy of the gamma ray absorbed in the crystal. A limitation 
of PS-PMTs is their relatively poor uniformity and linearity of response, particu-
larly near the edge. However, their spatial response is very stable over time. A lin-
earity correction or event position lookup map is created to ensure that all events are 
mapped to the correct position.

To further improve spatial resolution the scintillation crystal can be made thin-
ner. With decreasing crystal thickness, the light from a scintillation event is better 
localised, but at the cost of reduced detection efficiency. There is also an improve-
ment in energy resolution and a decrease in the non-linear edge effects when the 
diameter/thickness ratio of an inorganic scintillation crystal disc is increased. 
Wirrwar et al. [29] recommend scintillation crystal diameter/thickness ratios to be 
greater than 30 for new detector designs.

A pixelated crystal array comprising small (typically 1–2 mm wide) tightly 
packed crystals is an alternative approach to achieving high intrinsic spatial resolu-
tion. The crystal needles in a pixelated array are separated by a reflective material 
such as Teflon to prevent scintillation light from escaping to adjacent crystals and to 
reflect light photons from within the crystal towards the photocathode of the PMT. 
As the width of the crystal needle decreases the amount of packing material becomes 
a larger percentage of the total detector area, resulting in loss of detection efficiency. 
The distance between the centres of adjacent crystals (crystal pitch) includes the 
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crystal width and packing material. The intrinsic spatial resolution of the detector is 
approximately the same as the crystal pitch, provided it is coupled to a high resolu-
tion detector such as a PS-PMT (Fig. 4.2). Since the individual crystal needles of a 
multiple crystal array are precisely positioned, a map of all crystal locations can be 
used to correct for the non-linear response of the PS-PMT. Scintillation events are 
assigned to the location of individual crystals based on the measured map of crystal 
locations derived from a high count flood acquisition. It is desirable to make the 
crystal pitch small (e.g. 1 mm or less) for high resolution but the needles must be 
sufficiently thick to absorb most photons for good detection efficiency. However, as 
the crystal needle length-to-width ratio increases light output decreases due to inter-
nal reflections resulting in a loss of energy resolution [26, 29, 30].

3.4  Rotating Versus Stationary SPECT Systems

A variety of SPECT system designs are used to acquire sufficient angular samples 
of the animal for tomography. These include rotating or translating animals in front 
of a stationary collimator and detector, rotating collimators with stationary 
detector(s) and animal, rotating detectors and collimators with a stationary animal, 
and completely stationary systems (Fig. 4.3). Each design has specific advantages 
and disadvantages that need to be considered.

The simplest small animal SPECT system involves the vertical or horizontal 
rotation of the anaesthetised animal in front of a stationary detector [31]. The design 
should allow the AOR to be centred over the pinhole. The animal gantry needs to be 
rotated through at least 180° using incremental steps. Vertical rotation is preferred 
over horizontal rotation to reduce the chance of organ movement during the scan, 
although horizontal rotation systems have also been developed that address the 
organ motion issue [18]. Vertical positioning should be done for short periods of 

Fig. 4.2 (a) Hamamatsu R3292-02 PS-PMT and pixelated NaI(Tl) crystal array. (b) A zoomed 
section of the crystal array showing individual elements and reflective packing. The array com-
prises 1 mm crystals on a 1.25 mm pitch
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time only, as it is not well suited to the rodent’s physiology and has been related to 
an increased incidence of mortality [32]. The advantage of rotating the animal 
instead of the SPECT detector is that the weight of the animal is considerably less 
than that of the detector and the gantry is simpler and cheaper to design. The weight 
of a detector with collimation and shielding may introduce mechanical misalign-
ments resulting in reconstruction artefacts when the detector is rotated around the 
animal [18]. The drawbacks of rotating the animal are difficulties with accommo-
dating apparatus for gas anaesthesia and physiological monitoring and positioning 
may be difficult to reproduce for longitudinal studies.

Most clinical and small animal SPECT systems have the detector and collimator 
mounted on a gantry that rotates 360° around the subject in precise incremental 
steps or continuous motion. The gantry allows the detector and collimator to move 
in and out perpendicular to the AOR, to adjust the radius of rotation and hence the 
projection magnification when pinhole collimation is used. Magnification may also 
be altered by changing the distance between the pinhole collimator aperture and the 

Fig. 4.3 The common SPECT system designs are illustrated. These include systems where (a) the 
mouse rotates in front of a stationary detector and collimator, (b) the detector and collimator rotate 
around a stationary animal, (c) the collimator and the animal rotates in front of a stationary detector 
and (d) the system and animal are stationary
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detector surface [33]. The gantry must be sturdy enough to rotate the detectors 
 without varying the radius of rotation or causing the detectors to sag. The detector 
must be precisely positioned to ensure that its surface is parallel and centred over 
the AOR. The incremental angular rotation and translation of the detector must also 
be precise and reproducible over extended periods of time. These engineering 
requirements add to the cost of designing, building and maintaining a small animal 
SPECT based on rotating detectors.

To improve the sensitivity and reduce the imaging times of a small animal imag-
ing system additional detectors may be added. Multiple detector SPECT systems 
using two, three or four rotating detectors have been developed [3, 33–37]. Multiple 
detector systems reduce the need for a system to acquire projection data over a full 
180° or 360°. The uniformity and sensitivity must be similar for each detector to 
ensure that reconstruction artefacts are not introduced. Each additional detector 
adds weight to the gantry and cost to the system, although multiple equally placed 
detectors may help to balance the gantry as it rotates.

The FOV is often limited for small animal pinhole SPECT systems that use high 
magnification or small compact detectors. Some imaging protocols require a greater 
FOV to image a larger organ such as the rat skeleton. The FOV can be enlarged by 
increasing the radius of rotation but this also reduces the spatial resolution and sen-
sitivity of pinhole systems. Another approach is to move the animal stepwise 
through the FOV during the SPECT acquisition allowing a degree of projection 
overlap. The acquired data can be reconstructed separately and the volumes stitched 
together or the entire dataset can be reconstructed as one extended volume (Fig. 4.4) 
[5]. In the case of a rotating SPECT system, translating the animal in the axial direc-
tion while acquiring projection data results in the detectors travelling in a helical 
path around the AOR. Stepwise or helical acquisition not only increases the FOV 
but also reduces the incomplete sampling artefact in the axial direction sometimes 
observed in highly magnified circular SPECT orbits. Increasing the number of 
detectors for helical SPECT acquisitions also increases the likelihood of an object 
being sampled close to a pinhole aperture. Thus, the use of multiple detectors and a 
helical SPECT orbit can produce a more uniform reconstruction volume, better sen-
sitivity and improved resolution.

Several systems have been developed with stationary detectors that surround the 
animal and multiple stationary or rotating pinholes. Surrounding the animal with 
detectors and pinholes improves system sensitivity, and rotating the collimator 
instead of the detector reduces gantry construction costs and avoids mechanical 
misalignments due to gantry rotation. For example, Goertzen et al. modified a 
human brain scanner, the Ceraspect, with a rotating multiple pinhole tungsten col-
limator insert [19]. The Ceraspect has a ring of stationary NaI(Tl) inorganic scintil-
lation crystals coupled to PMTs. The rotating tungsten pinhole collimator has 
8 × 1 mm2 aperture pinholes evenly spaced with non-overlapping projections, and 
requires only a 45° rotation which can be completed in 1.25 s. The reconstructed 
spatial resolution measures 1.7 mm FWHM with a sensitivity of 373 counts s−1 MBq−1 
(or 0.00037 %) with a transaxial FOV suitable for mouse imaging.
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Furenlid et al. [38] developed a stationary small animal SPECT system 
(FastSPECT II) based on 16 fixed individual pinhole collimators and detectors 
capable of imaging a mouse with photon collection efficiency of 0.04 %. Beekman 
et al. [11] described a small animal SPECT system (U-SPECT I) based on three 
stationary clinical detectors and a cylinder with five rows of 15 gold pinholes 
focused towards the centre of the cylinder. Projection overlap was avoided by plac-
ing additional shielding between the pinhole and the detector. Peak sensitivity is as 
high as 0.22 % using 0.6 mm aperture pinholes for a mouse sized collimator, mak-
ing dynamic SPECT feasible. The detectors have intrinsic spatial resolution of 
3.2 mm FWHM but the reconstructed spatial resolution is sub-millimetre. Since the 
pinholes are focused, the FOV for a single bed position is limited to 10.5 mm diam-
eter (transaxial) and 5 mm axial [5]. Imaging larger organs or a whole body requires 
imaging at multiple bed positions. van der Have et al. [5] reported the sensitivity and 
spatial resolution of the U-SPECT II, a commercial stationary small animal SPECT 
system. Sensitivity was measured to be 1,500 and 525 counts s−1 MBq−1 for the 0.6 
and 0.35 mm aperture collimators respectively. Whole body imaging is achieved by 
moving the animal through the focal spot of the multiple pinhole collimator using a 

Fig. 4.4 Whole body 99mTc-HDP bone SPECT study of a rat. Images were reconstructed using 
100 % (top), 10 % (middle) and 1% (bottom) of available counts from list-mode data (reproduced 
from [5] with permission of the Society of Nuclear Medicine)
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computer controlled system that can translate the bed in three directions. An 
 important advantage of stationary SPECT systems is that all the required projec-
tions are acquired simultaneously, eliminating reconstruction errors due to redistri-
bution of the radiopharmaceutical [38]. SPECT systems without moving detectors 
or collimators also have more stable geometric calibration and are less susceptible 
to mechanical misalignments.

3.5  Detector Choice

The ideal detector would have 100 % likelihood of absorbing the full energy of an 
incident gamma ray within a small volume via a single photoelectric interaction and 
it would release a large number of light photons at a wavelength that matches the 
peak sensitivity of the photodetector.

Scintillation detectors are constructed of an inorganic crystal coupled to one or 
more photodetectors via a light guide. The most common inorganic scintillation crys-
tals are sodium iodide doped with thallium [NaI(Tl)] and caesium iodide doped with 
thallium [CsI(Tl)] or sodium [CsI(Na)]. The thallium and sodium impurity atoms 
create an ‘activity centre’ within the crystal matrix which allows scintillation to occur 
at room temperature. Important properties of scintillation crystals include density, 
light decay time, light yield and wave length, refractive index and environmental 
stability. These properties are discussed in detail in Chap. 1, including the scintilla-
tion properties of the common SPECT scintillators NaI(Tl), CsI(Tl) and CsI(Na).

NaI(Tl) is a good scintillator for SPECT due to its stopping power for 140 
keV gamma rays, high light output and the close match between its 410 nm emis-
sion wavelength and the peak efficiency of bialkali PMTs. CsI(Tl) has greater den-
sity and light output but slower decay time than NaI(Tl). They have a similar 
refractive index but CsI(Tl) is only slightly hygroscopic, making it less likely to 
deteriorate over time. CsI(Na) exhibits the best characteristics of NaI(Tl) and 
CsI(Tl) but has a longer decay time, which may be a problem for high count rate 
applications. Inorganic scintillators must be coupled to a photodetector, usually via 
a light guide matched to the refractive index of the crystal that converts light pho-
tons into an electrical signal. The most common photodetectors are PMTs (and 
PS-PMTs), silicon photodiodes and charge coupled devices (CCDs). PMTs have 
reasonable quantum efficiency (15–40 %) for converting light photons into photo-
electrons, which is required for good spatial and energy resolution. Photodiodes are 
efficient at converting light into electrical current but produce very weak noisy sig-
nals, especially when the detectors are larger than a few mm. Geiger-mode APDs 
show significant promise as alternatives to PS-PMTs as they have similar gain to 
PMTs (105–107), fast timing properties and are MRI-compatible. Improvements in 
performance of CCDs make these devices viable alternatives to PMTs. Modern 
CCDs do not suffer from dark current when modestly cooled, and achieve quantum 
efficiencies as high as 90 %. Some CCDs are suitable for both optical (biolumines-
cence and/or fluorescence) and SPECT imaging with suitable modifications [26].
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Recent developments in semiconductor radiation imaging detectors make them a 
viable choice for small animal SPECT in place of inorganic scintillators coupled to 
photodetectors. Semiconductor detectors are solid state ionisation chambers that 
produce one ionisation event per 3–5 keV of photon energy absorbed. Materials 
commonly used as semiconductors for radiation detection are silicon (Si), germa-
nium (Ge) and, more recently, cadmium telluride (CdTe) or cadmium zinc telluride 
(CZT). Silicon and germanium semiconductors have similar densities (2.33 and 
5.32 g cm−3 respectively) to inorganic crystals, hence similar probability of a gamma 
ray interaction. However, they are not suitable for imaging due to the high thermal 
noise generated when operated at room temperature, making ionizing events diffi-
cult to distinguish from the background noise.

CZT, on the other hand, is a high density semiconductor material (6.06 g cm–3) 
with good performance at room temperature. The probability of interaction for a 
140 keV gamma ray is 83 % for 5.0 mm of CZT and energy resolution is approxi-
mately 6–7 % for a typical array element, which is better than the energy resolution 
of similar sized scintillation array detectors [39, 40]. CZT detectors have the added 
advantage of being insensitive to magnetic field strengths of up to 7 T, making them 
a suitable choice for hybrid SPECT/MRI systems.

3.6  Collimation

The purpose of collimation is to restrict gamma rays impinging on the detector to 
those travelling in certain preferred and, therefore, known directions. Collimators 
are constructed from gamma ray absorbing material which has a high atomic num-
ber and electron density, such as lead, tungsten, gold and depleted uranium. There 
are a wide variety of collimator designs which provide different trade-offs between 
spatial resolution and detection efficiency. They can be broadly categorized as 
multi-channel, pinhole and slit–slat collimators.

3.6.1  Multi-Channel Collimation

Multi-channel collimators are constructed from a series of adjacent channels or 
tubes within gamma ray absorbing material that covers the entire surface of the 
detector. The channels may be circular, square or hexagonal. They may be drilled, 
die-cast or constructed from foil. Lead alloy is most commonly used for collimator
construction due to its high gamma ray absorption properties, machinability and 
cost effectiveness. Factors that affect the spatial resolution and geometric efficiency 
(sensitivity) of a multi-channel collimator include the septal (wall) thickness, hole 
width and height of the channel. The septal wall needs to be sufficiently thick  
to prevent gamma rays from passing through the channel wall and interacting with 
the detector material. However, increased septal thickness decreases geometric 
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efficiency and spatial resolution. Decreasing the channel width and increasing its 
length increases spatial resolution but at the cost of geometric efficiency, so the 
choice of collimator parameters is a trade-off between spatial resolution and 
efficiency.

The multi-channel parallel hole collimator is designed with all the channels par-
allel to each other and perpendicular to the detector surface. This configuration 
allows only gamma rays travelling perpendicular to the detector surface and parallel 
to the channels to be detected. When the distance between the source of radiation 
and collimator is increased there is a loss of spatial resolution but the geometric 
efficiency of the collimator remains constant. Resolution decreases because gamma 
rays travelling at a larger acceptance angle from the source can now pass through 
more channels, resulting in a loss of detail about the photon’s origin. Geometric 
efficiency remains stable within a range of distances because photon intensity is 
inversely related to distance from the source but this is offset by the increasing num-
ber of channels “seen” by the source as distance increases. The channels can be 
arranged so that they are all not aligned in the same direction and the channel width 
can vary along its length. Collimators that magnify the projection of radionuclide 
distribution onto the detector surface are referred to as converging or fan-beam and 
those that minify the projection are diverging.

The application of multi-channel collimators to small animal imaging has been 
limited due to their inferior spatial resolution and geometric efficiency compared 
with pinhole collimation for small sources. The parallel-hole collimator cannot 
achieve spatial resolution greater than the intrinsic spatial resolution of the detector, 
in fact normally it is substantially worse. The magnification of the converging col-
limator could increase the detector’s spatial resolution, but other types of magnify-
ing small animal collimators achieve higher geometric efficiency for objects less 
than 30 mm in size [41]. The multi-channel parallel collimator is, however, suitable 
for whole body rodent imaging using compact high resolution detectors as it does 
not require the animal to be translated through the FOV.

3.6.2  Pinhole Collimation

The main factors that influence spatial resolution and sensitivity in pinhole SPECT 
are magnification, aperture diameter, the distances between the source and pinhole 
and pinhole to detector, and the number of pinholes. Other influencing factors 
include the acceptance angle, the shape of the pinhole edge profile and collimator 
material. The ability of the pinhole collimator to magnify the projection view of the 
object compensates for the limited intrinsic resolution of the detector. Magnification 
occurs when the distance b from the pinhole centre to the AOR is smaller than the 
distance from the pinhole centre to the detector, i.e. the focal distance L (Fig. 4.1). 
The magnification factor is given by

 
M

L

b
=

 
(4.2)
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Moving the animal closer to the pinhole has the added advantage of improving 
system sensitivity but this also decreases the FOV.

The contribution of the pinhole collimator to spatial resolution Rcoll and effi-
ciency g of the imaging system are proportional to the pinhole aperture diameter d. 
When calculating the Rcoll and g for a pinhole collimator it is necessary to take into 
account the penetration of gamma rays through the knife edge of the pinhole 
(Fig. 4.5a) by using the effective pinhole aperture diameter deff instead of d:

 
d d deff = + ( ) 

−2 21µ αtan /
 

(4.3)

 
R d

Mcoll eff≈ +





1

1

 
(4.4)

 
g d

beff≈
cos3

216

θ

 
(4.5)

where α is the acceptance angle of the pinhole opening, μ is the linear attenuation 
coefficient of the pinhole material for the energy of the gamma ray being imaged 
and θ is the angle the photon trajectory subtends with the pinhole axis, i.e. the angle 
of incidence.

Materials proposed for pinhole collimation include tungsten, lead, gold, plati-
num and depleted uranium. Lead has less attenuation than tungsten, and gold and
platinum are expensive compared to tungsten alloy. The cost of gold and platinum 
pinholes can be reduced by creating small pinhole inserts within a tungsten plate 
[11, 42]. Pure tungsten has an atomic number of 74 and density of 19.3 g cm−3 but 
is a difficult material to machine. However, tungsten alloys containing small 
amounts of Fe, Ni and Cu have favourable machining properties for collimator man-
ufacture with a density of 18.5 g cm−3 and a linear attenuation coefficient of 34.48 
cm−1 for 140 keV gamma rays [43]. The tenth value thickness (ln10/μ) for tungsten 
alloy with a 140 keV photon is 0.67 mm.
Keel-edge pinholes are recommended for medium energy (approx. 200–380 keV)

photons and high resolution imaging, as the extra thickness of the edge reduces 
penetration [44]. They are constructed with a small channel instead of a knife edge 
(Fig. 4.5). With a keel-edge, sensitivity decreases as the angle between the source 
and the central axis of the collimator increases due to narrowing of the apparent 

Fig. 4.5 Cross sections of pinhole collimators with (a) knife and (b) keel edges
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aperture. The geometric response of a keel-edge pinhole collimators is, therefore, 
different from that of a knife-edge pinhole which should be considered when recon-
structing projections from a keel-edge pinhole collimator.

For a given SPECT application the desired or achievable FOV determines the 
pinhole magnification required. The magnification and intrinsic spatial resolution of 
the detector, in turn, determine the achievable system spatial resolution. The pinhole 
aperture size can be designed to provide the desired spatial resolution for a known 
pinhole magnification and detector configuration. The total system resolution Rt for 
a pinhole system and detector with intrinsic spatial resolution Ri is given by
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It can be shown that the most efficient (but not necessarily optimal) trade-off 
between resolution and sensitivity is obtained when the two terms in Eq. (4.6) are 
approximately equal, i.e.
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Therefore, an efficient trade-off between sensitivity and resolution is achieved 
when the pinhole aperture size is
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(4.8)

Note, for pixelated sensors the pixels are square and the response is discrete. Then, 
deff can be chosen to be somewhat larger than that specified by Eq. (4.8). Equation 
(4.8) also tells us that for a given intrinsic detector resolution Ri, when magnification 
M is increased the aperture size needs to be decreased accordingly to achieve the most 
efficient trade-off between resolution and sensitivity. Theoretically one can continue 
increasing magnification to improve resolution, however magnification cannot be 
increased without limit. The first limit comes from the size of the object to be imaged, 
which constrains the pinhole to AOR distance, and the configuration of the SPECT 
system, which constrains the focal length of the pinhole. The second limit is the size 
of the FOV. If b is too small (pinhole too close to the object), truncation of projections 
may occur. Thus, there is a limit to the extent to which adjustment of a single pinhole 
parameter can achieve the desired trade-off between resolution and sensitivity.

3.6.3  Multi-Pinhole Collimation

In many cases, the constraints on magnification mean that the projection of the 
object occupies a small proportion of the available detector area and the remaining 
detector area is wasted. To make more efficient use of the detector and, in turn, 
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increase sensitivity, one can employ multiple pinholes to project additional 
 projections of the object onto the available detector area. Multiple pinhole collima-
tors can be designed such that they produce overlapping or non-overlapping projec-
tions of the object on the detector (Fig. 4.6). When the projections overlap, the 
acquired data are said to be multiplexed, which means that detector elements in the 
overlap region record data from more than one channel (i.e. more than one ray path). 
Thus, the data in the overlap region are ambiguous.

At first, such ambiguity may be thought to be problematic with regard to produc-
ing an accurate artefact-free reconstruction of the object. However, provided the 
projection data acquired from all angles are consistent with each other, the object 
can be faithfully reconstructed from multiplexed data (Fig. 4.7), although iterative 
algorithms typically take longer to converge compared with non-multiplexed data. 
The key question is whether the additional sensitivity in the overlap region out-
weighs the increased noise due to slower convergence. We shall return to this ques-
tion after considering the effects of multiplexing and inconsistent projections and 
how to avoid them.

In Fig. 4.7a, the condition of an inconsistent projection is shown. The part 
labelled “inconsistently projected volume” in the object is projected to the detector 
through pinhole 2 (PH2) but not through pinhole 1 (PH1). As a result, the part of the 
multiplexed region indicated by the dashed line is formed by inconsistent projec-
tions. When reconstruction is performed, back projection errors arise from the miss-
ing projection of the “inconsistently projected volume” through pinhole 1, i.e. the 
back projection through PH1 would evaluate the inconsistently projected volume as 
zero, while the back projection through PH2 would not. This inconsistency makes 
it difficult or impossible for the iterative algorithm to match the multiplexed part 
correctly during forward projection. As a result, the reconstructed image may con-
tain artefacts, or the iterative algorithm may never converge.

Thus, if a multi-pinhole collimator allows multiplexing, it should be designed in 
such a way that the imaging volume is projected consistently through all pinholes. 
To address the problem of an inconsistently projected volume, one can employ 

Fig. 4.6 Projections of a simulated cylinder through (a) one pinhole, (b) four pinholes without 
multiplexing and (c) four pinholes with multiplexing
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focused pinholes or insert a gamma ray absorbing baffle in front of the pinhole plate 
as shown in Fig. 4.7b. By blocking some of the projections from PH2, inconsistent 
projections are effectively removed from the multiplexed region, and at the same 
time multiplexing is reduced [45]. 

There have been detailed theoretical and numerical simulation studies to investi-
gate the image quality trade-offs associated with multiplexed and non-multiplexed 
designs [46, 47], but the value of multiplexing remains an open question. However, 
one clear advantage that multiple pinhole collimation (with or without overlapping) 
has over single pinhole designs is that it improves sampling in the axial direction. 
According to Tuy’s condition [15], when single pinhole collimation is used projec-
tion data in the off-axis slices (the top and bottom parts of the coronal image) are 
incompletely sampled. Only the central region is properly sampled. This problem is 
largely overcome by positioning multiple pinholes such that they increase sampling 
along the axial direction.

Fig. 4.7 Effects of 
multiplexing and inconsistent 
projections in multi-pinhole 
collimation. Multiplexing 
arises when parts of the 
object project through 
different pinholes into the 
same area of the detector.  
(a) Inconsistency arises when 
different parts of the object 
are partially projected 
through each of the pinholes. 
(b) These effects can be 
mitigated by including 
appropriate shielding (i.e. a 
baffle) to minimise overlap 
and inconsistency
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3.6.4  Slit–Slat Collimation

Slit–slat collimation is a combination of pinhole (slit) and fan-beam (slat) designs. It 
may be suitable for SPECT imaging of medium sized animals where the optimal 
sensitivity and FOV lie between converging multi-channel and pinhole collimation 
for a specified spatial resolution. A narrow slit is positioned close to the object aligned 
with the AOR. The image of the object is magnified through the slit, as in pinhole 
geometry. Between the slit and detector are positioned a series of thin slats aligned 
perpendicular to the AOR. The slats behave like the septa of a multi-channel collima-
tor, providing complete sampling in the axial direction. This addresses the limited 
off-axis sampling of circular orbit single pinhole SPECT where there is insufficient 
data to avoid reconstruction artefacts. The slit provides magnification and improved 
spatial resolution in the transaxial direction and high sensitivity for objects close to 
the slit, like a pinhole collimator. The axial resolution is less than that of an equiva-
lent pinhole design because of the distance between the object and the slats [48].

Zeng [41] proposed a modified slit–slat design for small animal SPECT imaging, 
referred to as ‘skew-slit’ collimation. A vertical slit is aligned with the AOR and 
positioned close to the object, providing magnification in the transaxial direction. 
Between the vertical slit and collimator are positioned a number of horizontal slits. 
These provide no magnification in the axial direction, as the distance of the vertical 
slits from the object and the collimator are identical. The distance between the hori-
zontal slits maximises the detector area but reduces overlapping of the projection 
data. Initial simulation and phantom results demonstrate an improvement in recon-
structed transaxial spatial resolution over the multi-pinhole design [41].

4  SPECT Image Reconstruction

Tomographic data are reconstructed from a series of 2D projections into a 3D vol-
ume, allowing visualisation of the radiopharmaceutical distribution without inter-
ference from over- and underlying activity. There are two broad categories of 
tomographic reconstruction methods for emission tomography, analytic and itera-
tive [49]. The main analytic method is filtered backprojection (FBP) [50, 51], which 
is a discrete implementation of a mathematical solution that is exact for noiseless 
and continuous functions [52]. However, real SPECT data is neither noiseless nor 
continuous. Thus analytical methods, although computationally efficient, are lim-
ited in their ability to deal with noisy data, finite discrete linear sampling and photon 
attenuation [53, 54]. Iterative methods, such as maximum likelihood expectation 
maximization (ML-EM) [55, 56] require greater computation than analytic methods 
but they use an appropriate statistical model to describe the data. They also allow for 
more realistic modelling of physical effects such as scatter, attenuation and detector 
properties, resulting in a potentially more accurate representation of the radiophar-
maceutical distribution within the subject. Iterative methods have become routinely 
used in both PET and SPECT due to rapid improvements in computational power 
and the advantages they confer.
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The FBP method of tomographic reconstruction is commonly used with parallel 
ray geometry such as that encountered with parallel hole collimation in SPECT. It 
can also be adapted for converging ray geometries such as fan beam and cone beam 
X-ray CT. However, in small animal SPECT using single and multiple pinhole 
geometries, iterative algorithms based on EM and its variants are much more com-
monly used.
The ML-EM method starts with an initial estimate of the object to be recon-

structed, usually a uniform cylinder. The estimate of the object is forward projected 
to create a series of estimated projection data. The forward projection may include 
modelling of scatter, attenuation, collimator and detector response, and the ML-EM
method explicitly models Poisson noise. The estimated and measured projection 
data are compared (cost function), and the difference is expressed as a ratio (projec-
tion space error) which is backprojected (image space error) and multiplied by the 
previous volume estimate (update step). The process is then repeated iteratively 
until the projection space error reduces to an acceptably small value or the recon-
structed volume reaches an acceptable solution [49, 54]. The ML-EM algorithm is
guaranteed to converge to a maximum likelihood solution but since the projection 
data are noisy, that may mean fitting primarily to the noise if the algorithm is allowed 
to continue for too many iterations. Thus, it is common to either terminate the algo-
rithm early in the iterative process or, preferably, to post smooth the reconstruction 
after it has substantially converged [57].
Ordered subsets expectationmaximisation (OS-EM) is a modification ofML-EM

which speeds up the reconstruction process [58]. SPECT projections are organised 
into groups of symmetric projections which represent subsets of the total number of 
projections, e.g. 64 projections can be divided into 2, 4, 8, 16 or 32 subsets. Subsets 
of 1 and 64 can also be used, but these are equivalent to ML-EM and multiplicative
algebraic reconstruction technique (MART) [59] respectively. Forward projection, 
back projection and update steps are performed using all projections within a given 
subset. The process is repeated in a sequence that maximises the spread of subsets 
around the object (referred to as subset balance), until all subsets have been forward 
and back projected. This is referred to as one full iteration of OS-EM, which con-
sists of several updates (equivalent to the number of subsets) to the volume estimate. 
It has been demonstrated that one iteration of OS-EM is almost exactly equivalent 
to N iterations of ML-EM where N is the number of subsets, hence it accelerates the 
reconstruction by a factor of approximately N [58]. OS-EM combines the benefits 
of ML-EM with greatly improved processing speed, making it an important algo-
rithm for SPECT reconstruction [49, 58].

5  State-of-the-Art Pre-clinical SPECT Systems

At the time of writing there are six small animal SPECT systems available com-
mercially. These systems encompass a wide variety of detector and collimator 
designs, covering most of the technologies discussed in this chapter. Most are also 
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available as dual modality SPECT/CT systems and, in the case of the YAP-(S)PET 
system, as a dual purpose SPECT–PET scanner. The commercial systems and the 
technologies they employ are listed in Table 4.2. The performance specifications are 
not included as these are dependent on several variable parameters, including the 
pinhole aperture diameter (most systems offer several choices for different applica-
tions) and radius of rotation. Nor have the companies marketing these systems been 
included, mainly because such information is subject to change and likely to become 
out of date quickly. However, all these systems are capable of achieving sub- 
millimetre spatial resolution with a FOV suitable for mice and/or rats and most have 
sufficient temporal sampling and sensitivity for performing kinetic studies. All sys-
tems offer both analytical and iterative 3D OS-EM reconstruction as a minimum, 
with at least some form of system modeling such as spatially variant point source 
response modeling.

6  Summary and Future Perspectives

Small animal SPECT systems have come a long way since the first converted clini-
cal systems were used to image laboratory animals using pinhole collimation in the 
early 1990s [23, 25, 36]. After two decades of continuous development, dedicated 
small animal SPECT systems are routinely being used in research laboratories and 
the pharmaceutical industry to image a wide range of animal models with an equally 
wide range of labelled compounds at sub-millimetre spatial resolution.

It is interesting to note that most of the commercially available systems still use 
the same basic form of collimation used in the early prototypes, i.e. pinhole collima-
tion, and some still use large area monolithic NaI(Tl) detectors with conventional 
photomultiplier tubes. Nevertheless, several of the novel technologies discussed in 
this chapter have found their way into commercial systems, including pixelated 
scintillators, semiconductor detectors, position sensitive photodetectors and 
 multi- pinhole collimation and reconstruction.

It is difficult to predict what future technologies might be around the corner, but 
it is possible to make some general observations. First, despite the impact of novel 
multi-pinhole designs and associated image reconstruction developments, the main 
challenge for small animal SPECT remains increasing the sensitivity of these 

Table 4.2 Commercial small animal SPECT systems and the technologies they employ

System Detector Photodetector Collimation

X-SPECT CZT N/a Single or multiple pinhole
EXplore speCZT CZT N/a Multi-slit or multi-pinhole
NanoSPECT Monolithic NaI(Tl) PMT Multi-pinhole with multiplexing
U-SPECT-II [5] Monolithic NaI(Tl) PMT Multiple focussed pinholes
Inveon SPECT Pixelated NaI(Tl) PS-PMT Single and multi-pinhole
YAP-(S)PET Pixelated YAP:Ce PS-PMT Parallel hole
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systems. This is an important goal for two reasons: (1) the radiation dose to 
 experimental animals is relatively high and needs to be reduced to enable longitudi-
nal studies to be performed on the same animal; (2) for the full potential of small 
animal SPECT to be realised, higher sensitivity is needed to ensure accurate quan-
tification of tracer kinetics and associated physiological parameters.

The second observation is that it continues to be the case that experimental small 
animal imaging systems are an ideal platform for testing new technologies. Many of 
the technologies discussed in this chapter, including pixelated detectors and posi-
tion sensitive photodetectors, were incorporated into early prototype small animal 
imaging systems, both SPECT and PET. It is also worth noting that some new tech-
nologies like CZT are better suited to the relatively low gamma ray energies of 
single photon emitters than PET. CZT is also more likely to be used in small animal 
systems than clinical systems in the near future because growing large uniform 
detectors with this semiconductor material remains a significant manufacturing 
challenge.

Finally, multimodality imaging has made a major impact on both the pre-clinical 
and clinical realms [60]. SPECT/CT is widely available and is almost essential for 
optimal interpretation and quantification of the radiopharmaceutical distribution. 
Several laboratories are also developing combined SPECT and optical imaging sys-
tems. The current major challenge is to develop stable, reliable SPECT/MRI systems 
that combine the advantages of both modalities without compromising the perfor-
mance of either. With the recent developments in solid state radiation detectors, pho-
todetectors and low noise multi-channel amplifiers, such systems are not far away.
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1  Introduction

Positron emission tomography (PET) is an established imaging technique currently 
used for the clinical management of disease in oncology, cardiology and neurology 
[1–3]. PET is nowadays integrated in the clinical routine and is acknowledged as a 
sensitive molecular imaging method. In addition to clinical applications, PET is also 
an active research tool in preclinical imaging with somewhat different applications. 
In order to highlight the specific goals of preclinical the following sub-sections will 
outline the differences between clinical and preclinical PET imaging in terms of 
applications and system performance requirements. Following that, this chapter will 
cover in more detail basic design considerations of preclinical PET scanners.

1.1  Applications

Preclinical PET plays a key role in the evaluation of new pharmaceuticals as well 
as in the assessment of the biological origin of various human diseases through 
imaging of appropriate animal models. Typically rodents (mice and rats) are used as 
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such models due to their genetic similarity to humans [4, 5]; however primate 
imaging, typically monkeys, as well as imaging of other mammalians such as swine 
has also been reported [6, 7].

PET allows for non-invasive, in-vivo imaging of biological processes, thus each 
animal may be used for several different studies or the same study may be per-
formed in the same animal over several days. In this way the experimental accuracy 
is improved and the number of sacrificed animals is reduced significantly resulting 
in a corresponding cost reduction of each study.

1.2  General Performance Requirements

Compared to clinical PET imaging the regions of interest under investigation in 
preclinical imaging are several orders of magnitude smaller. For that reason, the 
required spatial resolution of preclinical systems is accordingly higher. In addition, 
the specific activity (activity per unit mass) that may be administered to the animal 
is restricted due to limitations in the delivered dose. Proper detection of the limited 
amounts of activity requires high photon sensitivity of the imaging system, in order 
to be able to visualize and quantify as accurately as possible small amounts of radio-
tracer concentrations.

An ideal preclinical PET system should have the following characteristics:

• It should have sub-millimeter spatial resolution which should be uniform 
throughout the field of view. Thus the system should be able to detect lesions of 
all sizes with the same accuracy.

• Due to the limited amount of radioactivity administered to the animal, the ideal 
system should be able to detect a large fraction (optimally larger than 10 %) of 
the occurred annihilation events (high photon sensitivity), namely it should pro-
vide sufficient geometric coverage of the imaged animal and in addition it should 
absorb efficiently the energy of the emitted photons.

• If the system employs multiple small detector elements for improved spatial 
resolution, there should be an accurate correction for non-uniformities in the 
aforementioned photon efficiency among the various detector elements.

• It should be able to distinguish photons of different energies (high energy resolu-
tion, optimally smaller than 10 %) and precisely detect each annihilation pho-
ton’s arrival time (high time resolution, optimally smaller than 1 ns).

• The system should respond linearly to a large range of photon emission rates 
with a live-time fraction of more than 95 %.

• The system design should allow for accurate readout of a large number of detec-
tor elements in a cost effective way.

These requirements pose a number of hardware design challenges which will be 
addressed in more detail in the following sections.
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2  Specific Performance Requirements

2.1  Spatial Resolution and Partial Volume Effect

As mentioned above (Sect. 1.2) a spatial resolution below 1 mm is desired. For the 
majority of current system designs this is a rather difficult goal to achieve given the 
impractical small sizes of the detector elements required in combination with other 
blurring factors discussed in this section. The spatial resolution of an imaging 
system is a quantitative measure of the system’s ability to localize a structure. It is 
defined as the minimum detectable size of a focal point of tracer accumulation or, 
otherwise stated, the minimum distance between two foci such that they can still be 
distinguished from each other (Fig. 5.1). Typical spatial resolutions (for a point 
source in the center with high statistics) of preclinical systems lie in the range 
between 1.5 and 2 mm, significantly smaller compared to the 4–8 mm resolution 
limits in clinical imaging [8–10] (where low statistics necessitate image smooth-
ing), however recent advances in detector designs have led to sub-millimeter reso-
lutions [11–13].

For systems based on discrete scintillation crystal elements read out by photode-
tectors, the intrinsic limit in spatial resolution is determined by the crystal element 
width. For systems based on alternative detector technologies, such as gas or semi-
conductor detectors, spatial resolution is determined by the pitch of the readout 
electrode wires, strips or pads.

The nature of positron annihilation poses some additional limitations to spatial 
resolution which are rather difficult to be addressed by technical approaches. The 
first is the positron range, namely the finite distance that the positron traverses inside 
a subject prior to its annihilation. This distance depends on the positron maximum 
energy Emax as well as on the tissue in which the positron migrates. The larger Emax 
is, the larger the positron range variance within a specific tissue thus causing degra-
dation of the spatial resolution. Studies have shown that for the widely used 18F 
positron emitter (Emax = 635 keV), the positron range in water has a distribution with 
0.1 mm full width at half maximum (FWHM), which is well below the current 
spatial resolution limits of both clinical and preclinical PET [14].

Fig. 5.1 Illustration of the concept of spatial resolution: the ideal intensity profiles of two neigh-
boring point sources (left) appear in reality smoother (right) due to the imaging system’s spatial 
resolution. The latter is defined as the FWHM of the resulting intensity profile. If two adjacent 
profiles are separated by a distance greater than ΔP, the point sources will be resolved
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During annihilation of a positron with an electron there is the possibility that the 
two produced annihilation photons are emitted at an angle with respect to each 
other which slightly deviates from 180° due to residual positron or electron momen-
tum. This photon acolinearity produces a spatial deviation that increases linearly 
with the tomograph’s diameter and thus is more prominent in clinical PET [14, 15]. 
As in positron range, it is the variance in this deviation that further degrades spatial 
resolution. Both the effects of positron range and photon acolinearity are illustrated 
in Fig. 5.2.

The length of the crystal element also affects the spatial resolution of a PET 
system, especially for small fields of view (FoV), such as in preclinical PET. The so 
called parallax error, namely the non-uniformity of spatial resolution throughout the 
FoV is illustrated in Fig. 5.3. The finite crystal element length and the penetration 
of the 511 keV photons in the crystal volume, translate to an uncertainty of where 

Fig. 5.2 Effect of positron 
range and photon acolinearity 
on spatial resolution of PET. 
Their variations contribute to 
spatial resolution blurring. 
The respective spatial 
blurring components De+  
and Dγ contribute in 
quadrature to the achievable 
spatial resolution

Fig. 5.3 Illustration of the 
parallax effect for lines of 
response (LoRs) with 
different obliqueness. For a 
non-oblique detector pair the 
depth of interaction of the 
511 keV photons along the 
detector length l does not 
affect the width x of the ToR 
(black dashed lines). For 
oblique detector pairs the 
ToR width x′ broadens (red 
or blue dashed lines) 
depending on the crystal 
element length (l) and 
element size (d) as well as  
on the detector obliqueness θ 
and the angle of photon 
incidence
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within the width of the response tube (ToR) defined by a detector element pair the 
positron annihilation took place.

A side effect of the limited spatial resolution in PET is the so called partial vol-
ume effect (PVE), illustrated in Fig. 5.4. PVE is the underestimation of the radioac-
tivity concentration in a region of interest (RoI) in the reconstructed image if this 
RoI is smaller than the spatial resolution of the system. PVE effects can also lead to 
overestimation of the radioactivity concentration depending on the background sur-
rounding the RoI [16].

2.2  Photon Sensitivity

Photon sensitivity of a PET system is the ratio of the detected coincident photon pair 
event rate (measured in counts per second or cps) to the emitted radioactivity from 
the object to be imaged (measured in Ci or Bq). However it is common to quote 

Fig. 5.4 Illustration of the partial volume effect. (a) Simulated spheres of different sizes and the 
same activity concentration. (b) Reconstructed images of the spheres imaged by a 10 mm resolu-
tion system. (c) Position profiles of the images shown in (b) indicating that the activity concentra-
tion appears to be smaller for smaller objects. Reproduced from [16] with permission

5 Design Considerations for Small Animal PET Scanners



168

absolute photon sensitivity as the percentage (%) of emitted coincident photons that 
are detected. The ideal photon sensitivity limit (>10 %) mentioned in Sect. 1.2 still 
deviates significantly from the typically achieved values given the limited solid 
angle coverage as well as the inherently limited detector intrinsic photon detection 
efficiency.

In general, radiation detection is a process dominated by Poisson statistics and 
therefore, in the case of PET imaging, it will inevitably result in fluctuations in 
photon sensitivity. Because in Poisson statistics any fluctuation or variance is 
directly associated with the mean value, the photon sensitivity fluctuations in a PET 
system are associated with the mean detected number of coincident events. A gen-
eral rule is that the relative fluctuations on the mean detected number of radiation 
events over this mean value is inversely proportional to the square root of this mean. 
Thus it is desirable that photon detection systems have high photon sensitivity (high 
mean detected number of photon events) in order to minimize statistical variations. 
Typical photon sensitivities of preclinical systems lie in the range between 1 and 
7 % and are significantly larger than the typical values of clinical systems due to the 
smaller system diameter and thus the larger solid angle coverage of the imaged 
object. This fact allows the use of small detector elements in preclinical imaging 
while maintaining an adequate number of detected counts per element.

One of the most important factors which affect the photon sensitivity of a sys-
tem is the crystal material. The effective atomic number Z and the density ρ of the 
material define its photon stopping power and thus the intrinsic detector efficiency. 
High Z and high ρ values are desired for enhanced possibility of absorption of the 
emitted annihilation photons in the detector material. In addition, the obliqueness 
of a detector with respect to the incident radiation as well as the inevitable dead 
space between detectors affects the intrinsic efficiency. Additional to the intrinsic 
efficiency, the geometric efficiency of the PET system plays a large role to the 
overall photon sensitivity. Systems with detectors placed as close as possible to the 
object to be imaged (i.e. small ring diameter for cylindrical systems) and with a 
radial/axial extent are typically designed in order to enhance the overall photon 
sensitivity.

The actual sensitivity of a PET system will be further degraded by the fact that 
not all registered coincident events are actually the ones we want; depending on the 
energy and time resolution of the system, which will be explained in more detail in 
Sects. 2.3 and 2.4, true coincidences will be contaminated by background scattered 
and accidental coincident photon events. The former coincidence type originates 
from scatter of one or both of the annihilation photons within the imaged object thus 
resulting in detection of the two photons from a different detector pair. In order to 
avoid such localization errors, scattered coincidences are rejected by setting a 
proper threshold in the recorded photon energies. The latter coincidence type is a 
false coincidence between two photons that originate from two independent posi-
tron annihilations which happen to occur within the same time window. Accidental 
coincidences may be rejected by setting a proper time coincidence window. The 
different types of coincident events (true, random and scattered coincidences) are 
outlined in Fig. 5.5.
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Two-dimensional (2D) acquisition mode was performed by the early clinical 
PET systems in order to reduce the number of registered random or scattered coin-
cidences. In this mode, only coincidences between detectors belonging to the same 
detector element ring (direct plane coincidences) or to the immediate neighboring 
rings (cross-plane coincidences) are registered. Thus the number of scattered or 
random coincidences is decreased significantly, however so is the good or “true” 
photon sensitivity. Modern PET systems adopt the three-dimensional (3D) acquisi-
tion mode in which coincidences between all detector pairs (belonging to any detec-
tor element ring) are registered. This acquisition mode greatly enhances the system’s 
photon sensitivity; however accurate corrections for scattered and random coinci-
dences are necessary.

A PET system comprises of many individual detectors and thus variations in 
photon detection efficiency among the various detectors may be observed. Even 
though minor differences in the intrinsic detection efficiency are possible from crys-
tal to crystal, the vast majority of variations may be observed either due to their 
position in the PET system or due to intrinsic detector gain variations.

2.3  Energy Resolution

The accuracy at which a PET system responds to a specific amount of photon energy 
absorbed by its detectors defines its energy resolution. One of the requirements, 
outlined in Sect. 1.2, for an ideal preclinical PET system was an energy resolution 
of less than 10 %. Especially for standard system designs based on scintillation 

Fig. 5.5 (a) Random coincidences: two photon events registered within the same time window 
may result in the assignment of a LoR (dashed line) even though the two events originate from 
independent annihilations. (b) Scatter coincidences: the scatter of one or both annihilation photons 
may result in localization errors by assigning a LoR to a different detector pair than the expected 
one (dashed line)
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crystal readout by photodetectors the relatively low conversion efficiency of the 
incident photon energy to electric charge results in energy resolution degradation, 
so that typical energy resolutions for these designs lie between 15 and 25 %. In PET 
the energy of interest is 511 keV, namely the energy of each of the two anti-parallel 
annihilation photons per event, thus resolution is typically defined with respect to 
this energy.

For a detector with ideal (infinitively precise) energy resolution, a histogram of 
the PET system’s response to the absorbed 511 keV energy (in form of collected 
detector charge or detector pulse height) would be a “spike” at a single energy (such 
“spikes” are mathematically described by the so-called delta function). However for 
a detector with non-ideal energy resolution, the 511 keV line will appear to have a 
Gaussian distribution with a FWHM of, typically, several tens of keV about the 
511 keV value (Fig. 5.6).

In a PET system employing many detectors, differences in the energy resolution 
values characterizing each individual detector may be observed. These differences 
are most commonly attributed to gain and noise variations between the photodetec-
tors and if not properly identified and corrected for, they may hinder the system’s 
ability to represent in a quantitative way the true radiotracer concentration.

Energy information requires a high level of accuracy in order to properly distin-
guish scattered from unscattered events. The former will deposit only part of their 
energy in the detector while the latter will fully deposit their energy. The worse 
(higher value) the energy resolution the more difficult it is to distinguish scatter from 
photopeak events. Scattered events lead to localization errors as outlined in Fig. 5.5b 
and subsequently to a uniform background in the reconstructed image thus affecting 
image contrast, signal to noise ratio (SNR) and quantitative accuracy.

The annihilation photons may scatter both in the object to be imaged as well as 
in the crystal material itself. Although scatter in small animals is less than in humans 
due to the smaller object volume within the FoV, the effect is still significant [17]. 
Crystal scatter is apparent in both clinical and especially preclinical PET since the 
crystal elements are smaller. As previously mentioned, given adequate energy reso-
lution, the effects of object scatter, which effectively lead to mispositioning of anni-
hilation events, is reduced. However, scatter in the crystal may still be exploited to 

Fig. 5.6 Illustration of the concept of energy resolution: an ideal histogram of the deposited ener-
gies in the detector (including both Compton scatter and photoelectric absorption) is shown on the 
left drawing. The detector response on the absorbed 511 keV photon energy (photopeak) is a “delta 
function”. The limited energy resolution of the detector results in a histogram similar to the one 
shown on the right drawing. The photopeak follows approximately a Gaussian distribution
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identify annihilation events provided that the position of the first interaction can be 
determined. Detector designs based on individual readout of finite crystal elements 
have the ability of identification of crystal scatter [18, 19].

2.4  Time Resolution

PET imaging is based on coincident photon detection and thus photon arrival time 
information needs to be extracted as accurately as possible. In counting systems 
whose detection principle is based on the measured time difference between detec-
tor signals, such as PET systems, the precision to which this time difference is 
determined is of utmost importance. This precision is directly related to the PET 
detector’s time (or temporal) resolution which is defined as the uncertainty to which 
the arrival time of an event is estimated by the detector system (Fig. 5.7). Recent 
advances in improving the response speed of scintillators and photodetectors have 
made the desired time resolution limits mentioned in Sect. 1.2 feasible.

Typically, time information about the occurrence of an event is extracted from 
the produced detector voltage signal V(t). The time resolution is then described by 
the following formula:
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(5.1)

where σV is the signal root-mean-square (RMS) noise, 
dV

dt
 is the signal slope at the 

point of time pick-off and σTTS is the transit time variance of the optical photons 
within the scintillation crystal and the electric charge within the photodetector. As it 
can be seen from the above formula, the time resolution of a single PET detector 
depends on a number of parameters:

Fig. 5.7 Illustration of the concept of time resolution: Ideally the time difference between two 
photon detection events that occurred simultaneously would be zero, thus a histogram of the time 
differences over many simultaneous events would be a delta function centered around zero (left). 
Due to the system’s limited time resolution the histogram appears to be smooth following a 
Gaussian distribution (right)
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 – The light output, the decay time and the geometry of the scintillator. A scintillator 

with high optical photon rate (eventually translated as 
dV

dt
 in the detector  output) 

will reduce the effect of statistical variations (on the amount of light contributing 
to σV in the detector output) in the determination of the arrival time and will allow 
timing pick-off at early stages of scintillation photon production. The crystal 
geometry, and more specifically the crystal aspect ratio (width-to- length ratio), 
is also an important factor. A crystal with high aspect ratio will minimize the 
variation in distance between the point of optical photon production and the 
point of optical photon detection. Thus with short crystal elements photon losses 
at the crystal interfaces (affecting V) and flight time variations (as reflected by 
σTTS) are minimized.

 – The noise (represented by σV), gain (represented by V) and transit time spread 
(represented by σTTS) of the photodetector or any other means used to detect the 
annihilation photons, such as gas or semiconductor crystals.

As already outlined in the previous section for the case of energy resolution, in a 
complete PET system, which employs several (hundreds to thousands) detector and 
electronic channels, the overall system time resolution will be affected by the indi-
vidual detector time resolutions and indeed might be broadened due to inherent 
temporal shifts between detectors. Proper correction of these temporal variations 
through a procedure known as time calibration will minimize the system time reso-
lution for coincidence detection from all possible detector pairs in the system.

In PET imaging it is essential that time resolution is kept as low as possible in 
order to minimize contamination of true coincident photon events from accidental 
(random) coincidences. The latter typically add a uniform background in the PET 
reconstructed image thus reducing image contrast, SNR and quantitative accuracy. 
From theory, the number of random coincidences increases proportionally to the 
time coincidence window and to the product of event flux seen by each detector in 
a coincident detector pair. Thus, minimization of random events requires that the 
time coincidence window selected for coincidence detection be as low as possible 
and the activity is as low as possible.

In addition to controlling the accidental coincidence rate, the time resolution 
poses a lower limit in the minimum temporal difference between two subsequent 
coincident photon events in order for the detector to identify them as distinct. 
However this minimum time difference between events is further degraded by the 
detector recovery time as well as by the dead time of the subsequent electronics, as 
will be explained in more detail in Sect. 3.4.

Detectors that demonstrate sub-nanosecond time resolution are currently used in 
clinical imaging in order to exploit the actual time of flight (ToF) information of 
the two annihilation photons and improve the SNR of the reconstructed image. The 
benefits of ToF are more obvious for large sized patients however the current time 
resolution limitations of PET detectors limit the applicability of ToF methodology 
to clinical PET only.

Table 5.1 summarizes the aforementioned performance requirements and com-
pares their significance for clinical and preclinical PET.
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3  Detector Designs

3.1  Materials

The fundamental components of PET detectors have been reviewed in detail in 
 previous chapters of this book. In the following sections, we will summarize the 
various detector configurations employed in PET scanners, we will outline their 
advantages and disadvantages and emphasize the significance of their special fea-
tures in preclinical PET imaging.

3.1.1  Scintillation Crystal–Photodetector

The large majority of PET systems consist of detectors whose basic components are 
a scintillation crystal coupled to a photodetector. This detector configuration pro-
vides an indirect means of detection of 511 keV photons through the two-step pro-
cess of conversion to scintillation light via a scintillation crystal and a subsequent 
conversion to electric charge via a photodetector. Through this multi-step process 
inevitable signal losses and additional statistical variations and dispersions are 
introduced. Nevertheless, to date a scintillator/photodetector configuration is the 
standard choice in the design of PET systems [15].

As described, scintillators with high effective atomic number (Z), density (ρ), 
light output and short decay time are preferred for optimum PET performance in 
terms of time/energy resolution and photon sensitivity. A major breakthrough in 
PET detector technology has been enabled with the invention of fast inorganic scin-
tillators such as lutetium oxyorthosilicate (LSO) which demonstrates a good com-
promise between high light output and fast timing. However, its natural radioactivity 
may pose a number of design issues which nevertheless are addressed without 
implying significant design limitations [20, 21].

Photomultiplier tubes (PMTs) have mostly been used as the preferred photode-
tectors due to their excellent performance features (see Chap. 3). However, their 
relatively large sizes result in large dead spaces and thus poor packing fraction. This 
has motivated the development of specialized detector designs where the readout of 

Table 5.1 Summary of the performance parameters in PET imaging and significance in clinical 
and preclinical PET

Feature Clinical PET Preclinical PET

Spatial resolution 4–8 mm 1–2 mm
Effect of time resolution  

(randoms/count rate)
Significant Not as significant (depends 

on application)
Effect of energy resolution (scatter) Significant Not as significant
Photon sensitivity O(10−2) O(10−2)
Effect of DoI For points close to detectors Significant
Effect of ToF In image SNR Currently none
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the scintillation light by the PMT is interfaced by means of a light guide [22]. In this 
way, good crystal packing fraction is guaranteed independent of the gaps between 
photodetectors. This is of particular importance in the case of preclinical scanners 
where the available space is limited by the small system diameters. A new genera-
tion of preclinical PET systems is based upon Avalanche Photodiodes (APDs) due 
to their availability in small sizes and compact arrays allowing thus for direct inter-
facing between the miniscule scintillator elements and the photodetector. An addi-
tional advantage of APDs over PMTs is that the former are able to operate reliably 
under the presence of magnetic fields which makes them appropriate for simultane-
ous PET/MRI, as will be emphasized in Chap. 15.

3.1.2  Gas Filled Detectors

In order to overcome the inevitable signal losses of the aforementioned indirect 
scintillation detection methods, researchers have looked into alternative detection 
techniques. The architecture of multiwire proportional counters (MWPCs) used in 
high energy physics experiments have been implemented in the quad-HIDAC small 
animal PET scanner [11].

Lead honey-comb structures are used to convert the 511 keV photons into elec-
trons. The charge subsequently migrates within a gas medium under the influence 
of an electric field and is detected by a network of anode electrodes. A major advan-
tage of such systems is the high spatial resolution defined by the electrode pitch 
which however comes at the expense of energy information, poor time resolution 
and poor photon sensitivity.

3.1.3  Semiconductor Detectors

Another detector configuration employing direct conversion of 511 keV photons to 
charge are semiconductor detectors. Semiconductor detectors such as germanium 
(Ge) or cadmium telluride (CdT) can be highly efficient in 511 keV detection result-
ing in excellent energy resolution [23]. Currently there is increasing interest in the 
latter material for high resolution PET because it operates in room temperature and, 
similar to MWPCs, sub-millimeter intrinsic spatial resolutions may be achieved due 
to the fine pitch of the anode and/or cathode electrodes. The poor time resolution of 
these detectors is however still a limitation [10].

Figure 5.8 shows pictures of the three different PET detector types.

3.2  Readout Designs

Since the most common detector components are scintillation crystals with photo- 
detector readout, our discussion in the following sub-sections will focus on readout 
configurations of designs based on those components.
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3.2.1  Block Detector Readout

The block detector design refers to the indirect readout of many crystal array 
 elements by a fewer number of photodetectors based on scintillation light sharing. 
Three different block detector designs can be identified:

 – Readout of a crystal slab by a number of photodetectors [15, 24]. The scintilla-
tion light produced by the interaction of a 511 keV photon with the crystal is 
shared among the various photodetectors and information about the position of 
interaction is extracted by the relative amplitudes of the different photodetector 
signals and is estimated using appropriate positioning algorithms. This design is 
based on the Anger gamma camera architecture and its advantage lies in the 
simplicity of its implementation [15].

 – Readout of a crystal array by a coarse photodetector array [15]. In the same way 
as in the previous design the scintillation light produced in crystal array elements 
is shared among the various photodetectors and the position information is 
extracted by positioning algorithms. However, in this case the crystal elements 
are optically isolated using reflectors and the scintillation light is thus more 
focused and confined within the volume of one or two crystal elements. Thus 
light sharing among the photodetectors should be facilitated by means of an 

Fig. 5.8 Three different detector types currently used in preclinical PET systems: (a) left: 20 × 20 
LSO crystal array (crystal element size 1.5 × 1.5 × 10 mm3). Right: LSO crystal array, tapered light 
guide and PSPMT (courtesy of Robert Nutt, Siemens Preclinical Solutions). (b) Anode view of 
two CZT detectors (courtesy of Yi Gu, Stanford University). (c) Basic detection principle of gas- 
filled detectors
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additional optical medium, typically a light guide in between the crystal array 
and the photodetector.

 – Alternative to photodetector arrays, position sensitive photodetectors, such as 
position sensitive photomultiplier tubes (PSPMTs) [25, 26] or position sensitive 
avalanche photodiodes (PSAPDs) may be used [27]. These photodetectors con-
sist of a single photosensitive area (as opposed to the discrete elements in an 
array) whose produced charge is collected by multiple anodes or a resistive 
charge multiplexing network connecting the anodes. This network will yield a 
number of signals (typically four) which are subsequently used in conjunction 
with positioning algorithms for interaction localization. This design, which is 
apparent in most clinical and preclinical PET systems, offers the advantage of 
significant reduction of the readout channels while using a large number of small 
scintillation crystal elements for improved spatial resolution.

Some disadvantages of the block detector readout scheme are the dependence of 
position localization accuracy, and consequently of spatial resolution, on the algo-
rithm used and on the effectiveness of the light sharing with respect to electronic 
SNR. Additionally, in cases of high counting rates, block detectors are sensitive to 
pulse pile up effects as will be explained in Sect. 3.4.2. Finally, this design cannot 
differentiate between object scatter and scatter in the crystal. The latter is an effect 
that is especially important in preclinical PET systems since the crystal elements are 
small and scatter in small animal tissues is less likely than in patients.

3.2.2  Individual Crystal Readout

A limited number of PET scanners have adopted the individual crystal readout 
scheme where the crystal elements are coupled one-to-one to the photodetectors 
[28]. This readout scheme overcomes the positioning limitations of block detectors 
because the detector intrinsic spatial resolution is determined by the scintillation 
crystal element size. Unlike block detectors, in this detector design intercrystal scat-
ter mentioned in Sect. 2.3 can be identified. In addition, detectors with individual 
crystal readout are capable of higher count rates (less pulse pile up) compared to 
block detectors given the fact that each photodetector reads a single scintillation 
crystal element. However the aforementioned advantages come at the expense of 
increased number of detector and electronic channels which further implies 
increased costs as well as construction and signal processing complexity.

Figure 5.9 depicts the various aforementioned detector designs. The PET detec-
tors are typically arranged in ring geometry to allow acquisition from different 
angular views (Fig. 5.10a). However initial alternative PET system architectures 
suggest arrangement of the PET detectors in partial ring geometry (Fig. 5.10b) [29]. 
Tomographic acquisition is performed by rotating the detectors around the animal. 
Partial ring geometries can be more cost effective although the overall duration of 
the PET scan can be significantly increased and rotational artifacts may be intro-
duced. It is also possible to arrange detectors into other shapes, such as a box [30].
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3.3  Special Design Features

The need for increased quantitative accuracy in preclinical PET has lead to the 
development of specific detector designs aimed to address a number of current 
limitations. In the following, the discussion will focus on design features which 
compensate for non uniform spatial resolution and motion artifacts.

3.3.1  Depth of Interaction

In PET scanners with small FoV, especially in preclinical tomographs, significant 
spatial resolution non-uniformity across the FoV may be observed depending on the 
radial extent (or length) of the scintillation crystal element used and the radial 

Fig. 5.9 (a) Block detector readout of a crystal slab, (b) block detector readout of a crystal array, 
(c) individual crystal readout

Fig. 5.10 PET system designs. (a) Full ring geometry, (b) partial ring geometry. The detectors 
marked with a dashed line indicate different rotation for tomographic acquisition
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position within the system. This effect is called the parallax error and is illustrated 
in Fig. 5.3. The exponential attenuation of the 511 keV photons in the scintillation 
crystal implies a statistical likelihood of the interaction along the crystal length 
with enhanced probability close to the photon’s entrance point and exponentially 
decreasing probability with increasing distance from that point. Thus, in a crystal of 
finite length the exact interaction point is not known, but rather its likelihood results 
in an additional position blurring especially for oblique photon incidence that occurs 
for emission points away from the center [10].

As emphasized in Sect. 2.2, PET photon sensitivity is enhanced by the use of 
long (thick) crystals of high atomic number and density. Consequently, there is a 
trade-off between photon sensitivity and spatial resolution uniformity which is suc-
cessfully addressed by a number of specialized detector designs described in the 
following:

 – Dual ended crystal readout: A common DoI detector design employs crystal 
elements read out by two photodetectors on both sides [31]. In this way the depth 
of interaction of the annihilation photon inside the crystal is determined by the 
 difference in the amount of light detected by the two photodetectors. An advan-
tage of this method is the availability of continuous DoI information; however 
the light sharing between the two photodetectors may result in poor detector 
performance in terms of energy and/or timing resolution. Positioning non-
linearity near the two photodetectors is also apparent in this design. In addi-
tion, detailed detector calibration (particularly with respect to gain variability 
between the two photodetectors) is a prerequisite for extraction of reliable DoI 
information.

 – Individual crystal readout: This detector design has been adopted as a straight-
forward method of acquiring quantized DoI information [32]. The design con-
sists of two or more crystal layers each read out by individual photodetectors. 
The DoI resolution is determined by the dimension of the crystal layer along the 
radial direction and at the same time the detector performance is maintained due 
to the individual readout. However, the basic drawback of this design is the 
increasing number of electronic readout channels and thus the potential develop-
ment costs. Alternatively, the crystal layers are read out collectively by position 
sensitive photodetectors [33, 34]. Such designs are more cost effective given the 
reduced number of readout channels compared to the number of crystal elements 
in the detectors, and they provide much better DoI resolution.

 – Phoswich design: The phoswich detector comprises two different types of scin-
tillation crystal materials read out by the same photodetector [35, 36]. 
Identification of the crystal of interaction (and thus DoI) is realized by pulse 
shape discrimination given the different decay time constants of the two scintil-
lation crystal types. A major drawback of this detector design is the interdetector 
performance variability due to the different types of scintillation material used. 
This variability may especially hinder timing performance given the fact that one 
of the crystals should have a slower decay time compared to the other.

 – Monolithic crystal design: More recently there have been detector designs based 
on a single monolithic crystal layer read out by either individual photodetectors 
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or position sensitive photodetectors employing a resistive network able to 
 identify the scintillation light spread profile on the photodetector entrance sur-
face [24, 37–39]. The light spread profile depends on the depth of interaction and 
several algorithms have been developed that associate the acquired profiles with 
DoI [38, 39]. Despite the detector simplicity implied by the use of a single mono-
lithic crystal layer, the complexity of this design lies mostly in the photodetector 
readout scheme and the associated algorithms and calibrations. In addition this 
design is subject to the general spatial resolution limitations, especially near cor-
ners and edges, as are all designs employing continuous crystals.

The most common DoI detector designs are summarized in Fig. 5.11.

3.3.2  Motion Correction

Quantitative studies performed in PET require accurate calculation of the radio-
tracer distribution within a region of interest. The RoI is typically drawn based on 
the reconstructed image, thus its accuracy will directly depend on the quality and 
accuracy of the PET image.

Quantitative accuracy dictates that a number of corrections be performed post 
acquisition and during reconstruction. Apart from the rejection of scattered and random 
coincident events, as well as attenuation correction, localization errors may originate 
from inevitable movement of the imaged object such as respiration and cardiac motion. 
Especially in the case of preclinical imaging, the heart beat and respiration rates are 
significantly higher compared to humans (60–100 heartbeats/min and 15–20 respira-
tions/min for humans vs. approximately 500 heartbeats/min and 160 respirations/min 
for mice). This fact, in combination with the higher spatial resolution of small animal 
systems makes the imaging system performance more sensitive to motion artifacts.

Several methods for motion correction have been developed from various groups 
[40–42]. Typically, for cardiac motion ECG sensors are used and respiratory motion 
is monitored via motion sensors placed near the abdominal area of the animal. List 

Fig. 5.11 Detector designs with DoI capabilities. (1) Phoswich, (2) dual ended crystal readout, (3) 
individual crystal readout of layered detectors
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mode data acquisition, namely acquisition of the energy and time of individual 
 photon events in a list, is suitable for incorporating the motion sensors’ signal into 
the data stream. The list mode data is then rearranged in groups belonging to the 
same stage of each cardiac/breathing cycle during the course of measurement in 
order to produce images free of motion artifacts.

3.4  Data Acquisition Electronics

The signals produced by the PET detectors are further processed by subsequent 
electronics in order to extract two types of information: Energy, as represented by 
the integrated pulse height, and time, as represented by the signal time stamp. The 
latter is essential in PET for determining coincident photon pairs from single photon 
events whereas the former is used to identify and remove scatter events that may 
degrade image quality and accuracy. Even though the first PET scanners based their 
acquisition chain in coincidence detection hardware modules, modern systems 
record single photon events and their corresponding energy and time information 
(list-mode data format) and coincidence detection is performed either in software 
post-acquisition or in field programmable gate array (FPGA) based hardware archi-
tectures during or post-acquisition. The basic issues that need to be addressed when 
designing data acquisition systems for PET are the number of electronic channels 
and the processing speed as reflected by the system’s dead time.

Typically the current or charge produced by the photodetector is converted to a 
voltage signal with the use of preamplifiers. These preamplifiers provide a pulse in 
their output whose height is typically proportional to the photodetector charge 
which in turn is proportional to the scintillation crystal light and thus to the absorbed 
incident photon energy. Especially in the case of low gain detectors the preamplifier 
needs to be placed as close as possible to the detector in order to avoid signal attenu-
ation. A charge sensitive preamplifier integrates the photodetector charge through a 
capacitor (C) and a resistive load (R) for a time window defined by the time constant 
τ = RC. Typically, the R and C values are chosen in such a way so that the integration 
occurs for a time window at least three times larger compared to the scintillation 
decay time. The resulting pulse will have a rising edge following the photodetector 
response and a trailing edge dominated by the time constant τ.

Subsequent electronics are used to further shape the signal, mainly increasing 
SNR and restoring a faster return to the baseline. The shaped signal is used for the 
extraction of energy and time information by means of a peak detector circuit for the 
former and a time pick-off circuit for the latter. All the aforementioned steps of the 
electronic chain require a minimum processing time for each detector signal affect-
ing thus the overall system dead time.

More recent data acquisition systems are based on sampling of the shaped signal 
and extracting energy and time information from the digitized samples based on 
various algorithms applied either in software or in FPGAs. This acquisition option 
leads to increased flexibility in the choice of processing algorithms, however it may 
result in increased cost and analysis complexity following acquisition.
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3.4.1  Signal Multiplexing

The need to reduce the number of electronic channels in the described detector 
designs (Sects. 3.2.1 and 3.2.2) has lead to the development of several channel 
reduction techniques at the front end readout electronics [43, 44]. For front-end 
channel reduction, signals from multiple photodetector channels are multiplexed 
either resistively or capacitively. Special care is given to the design of the multi-
plexing architectures so that the multiplexed signals carry accurate position infor-
mation and at the same time lead to minimal degradation of energy and time 
resolution. Successful signal multiplexing schemes have lead to a four-fold or 
higher reduction on the number of electronic channels.

3.4.2  Signal Pile Up and Dead Time Effects

In imaging situations involving high amounts of tracer radioactivity, such as cardiac 
imaging, the response of the data acquisition system to high counting rates may be 
subject to signal pile up and dead time effects. Specifically these effects are more 
prominent in preclinical PET systems due to the smaller system diameter and thus 
higher photon sensitivity.

Signal pile up occurs mainly at the early stages of the signal processing chain. 
If the intensity of the incident photon flux is such that the detection of a photon 
event, and the associated generation of a detector signal, occurs before a signal from 
a previous detection has returned to its baseline, the former will be superimposed on 
the trailing edge of the previous detector signal, as illustrated in Fig. 5.12. The pulse 
shape is thus distorted resulting in inaccurate information about both the height and 
time of the pulse. Pulse pile up is significantly suppressed by reducing the duration 
of the pulse trailing edge via appropriate shaping. In Sect. 3.2.1 it was pointed out 
that block detector designs are more subject to pile up effects compared to designs 
with individual crystal readout. This is due to the fact that in the former design 
each photodetector reads out the scintillation photon fluxes from multiple crystals. 
In moderate count rates pile up is not apparent given the fact that it is rather unlikely 
that two crystals seen by the same photodetector in a PET system will produce 
signals close together in time.

Fig. 5.12 Illustration of the signal pile up effect. The finite scintillator decay time dictates a signal 
charge integration time of typically at least two to three times the decay time, resulting in pulses 
with a relatively long trailing edge. In cases of high counting rates the possibility of detector pulses 
adding to the trailing edge of the preceding pulse increases, resulting in distorted pulse shapes
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Dead time is usually defined as the minimum temporal difference between two 
events in order for the imaging system to identify them as two separately detected 
events. Dead time is essentially a property of the imaging system as a whole, origi-
nating from both the detector front end and the data acquisition electronics.

Detector dead time is related to the recovery of the scintillator and the photode-
tector after the detection of a photon event. Data acquisition dead time is related to 
the time it takes for the peak detector, time pick-off circuits, digitizers and data 
transfer architectures to reset in order to be able to process the next event.

Counting systems can be distinguished in terms of their dead time behavior, in 
two different categories [23]:

 – Paralyzable systems: if two or more events are incident within a time window 
which is smaller than the minimum processing time required for that system, the 
system will not process any events during this time window. Thus the system’s 
dead time is effectively increased depending on the rate of incident events.

 – Non-paralyzable systems: if two or more events are incident within a time win-
dow which is smaller than the minimum processing time required for that sys-
tem, the system will process those events as a single event.

Depending on the complexity of the PET data acquisition system, its dead time 
may not belong to either of the above categories. Several groups have been working 
in developing appropriate dead time models for specific PET systems in order to 
correct for counting losses [45].

4  State-of-the-Art Preclinical Systems

A number of preclinical PET tomographs initially developed by research groups 
have been commercialized and are currently used by several research centers around 
the world.

 – MicroPET/Focus/Inveon (CTI/Siemens): The MicroPET technology is based 
on pixellated LSO crystals readout by PSPMTs by means of optical fibers. 
Different versions of this technology varying in crystal and FoV sizes have been 
realized [46–48].

 – Mosaic (Philips): This system is based on GSO pixellated crystals coupled to 
hexagonal arrays of individual PMTs via a continuous light guide [49].

 – Argus (Suinsa): The Argus system is the first commercially available PET sys-
tem employing DoI capability [50]. Its detector architecture consists of a dual 
phoswich detector (LYSO/LGSO) read out by PSPMTs.

 – ClearPET (Raytest): This preclinical system also employs DoI capabilities by 
means of a phoswich detector (LYSO/LuYAP) read out by PSPMTs [51]. The 
scanner has adjustable FoV allowing thus for both rodent and primate imaging.

 – LabPET (Gamma Medica-Ideas): The LabPET system is the first commer-
cially available APD based PET scanner. The system employs a phoswich 
 detector (LYSO/LGSO) where the two different crystals are arranged next to 
each other in order to read out two detectors with the same APD [52].
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 – Quad HiDAC (Oxford Positron Systems): The quad-HiDAC system, also 
mentioned in Sect. 3.1.2, makes use of gas detectors equipped with lead convert-
ers and read out by electrode meshes. The system achieves sub-millimeter spatial 
resolution despite the poor time resolution, no energy resolution and poor photon 
sensitivity [11].

 – FLEX™ (Gamma Medica-Ideas): The XPET system of the tri-modality 
FLEX™ tomograph (PET/SPECT/CT) consists of a detector ring based on quad-
rant sharing of BGO crystal arrays by arrays of PMTs. The detector block has the 
shape of a pentagon with tapered ends resulting in high detector packing fraction 
[53].

Table 5.2 summarizes quantitatively the basic performance features of these sys-
tems. Several other research systems employ special features:

 – RatCAP: The Rat Conscious Animal PET (RatCAP) is a prototype PET scanner 
aimed to perform brain studies in conscious rats thus avoiding anesthesia which 
may inhibit several brain processes under study. Its architecture is based on indi-
vidual readout of LSO crystal arrays by APD arrays with the detectors fixed in 
the animal’s skull [54].

 – VP-PET: The Virtual Pinhole PET (VP-PET) is a technology aiming to improve 
the spatial resolution of already existing systems by implementing a high resolu-
tion detector insert within the FoV [55]. Coincidences are registered between all 
possible detector pairs from both the existing system and the insert resulting in 
magnification similar to pinhole SPECT [56–59].

5  Summary

In this chapter, an overview of the design considerations for small animal PET scan-
ners was given. Preclinical imaging is widely used in PET research for the evalua-
tion of new pharmaceuticals and for the study of the biology of various human diseases. 

Table 5.2 Performance summary of commercially available preclinical PET systems

System
Detector 
material

Radial 
FoV (mm)

Axial  
FoV (mm)

Transaxial/axial 
spatial resolution 
@ center (mm)

Photon 
sensitivity (%)

MicroPET LSO 112 18 1.8, 2.0 0.56 @ 250 keV
Focus LSO 258 76 1.3, 1.3 3.4 @ 250 keV
Inveon LSO 161 127 <1.8 9.3 @ 250 keV
Mosaic GSO 197 128 2.7, 3.4 0.65 @ 410 keV
Argus LYSO/GSO 118 48 1.4 2.1 @ 400 keV
ClearPET LYSO/LuYAP 135 110 1.3 4.5 @ 250 keV
LabPET LYSO/LGSO 100 37.5/75 1.4, 1.3 1/2 @ 250 keV
Quad-HiDAC Lead/Argon gas 170 280 1.1 1.0 @ 0 keV
FLEX™ BGO 100 118 1.8–2.0 8 @ 250 keV
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However, the performance requirements for preclinical imaging differ from those 
for clinical imaging due to the significantly different volumes to be imaged. 
Differences in energy, time and spatial resolution between preclinical and clinical 
PET were explained and current trends in the PET detector designs were presented. 
A summary of state-of-the-art small animal PET scanners was also given.
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1            Introduction 

 This chapter focuses on the ability of small-animal CT to provide information about 
molecular species and their spatial distribution in tissues. Over the past several 
decades radionuclide imaging methods have been the mainstay of in vivo molecular 
imaging by virtue of the variety of biologically active molecules that can be labeled 
with a radioactive marker. CT image data has been used to provide both attenuation 
correction of the SPECT and PET images as well as provide the anatomic localiza-
tion of the radionuclide accumulation. This important contribution of CT to molecu-
lar imaging is presented in those chapters directly addressing the radionuclide 
imaging approaches. Although, the presence of higher atomic weight atomic labels 
(e.g., iodine) of biologically active tracer molecules can be conveyed by conven-
tional X-ray attenuation-based imaging methods (in milli-molar concentrations as 
compared to pico-molar concentrations by radionuclide methods), molecular spe-
cies can be conveyed by non-attenuating aspects of X-ray interaction with matter by 
virtue of their molecular bonds that are characteristic of polymeric molecules. These 
non-attenuating X-ray imaging methods are now starting to emerge from the feasi-
bility demonstrations and hence will be explored in some depth in this chapter. 

 Micro-CT was fi rst developed in the early 1980s [ 1 – 3 ]. In the later 1980s bench- 
top micro-CT was greatly facilitated by the development of a cone beam reconstruc-
tion algorithm by Feldkamp et al. [ 4 ] because the bench-top systems use the X-ray 
cone-beam to magnify the X-ray image itself. 

 Figure  6.1  is a schematic of a typical small animal CT scanner. CT is a 3D X-ray 
imaging method that involves obtaining X-ray projection images at many angles of 
view around an axis through an object and then applying a tomographic reconstruction 
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algorithm to generate a stack of thin tomographic images of transaxial slices through 
the object. The transaxial images are made up of voxels (three- dimensional pixels).

   Utilization and availability of small-animal CT systems has increased markedly 
over the past decade. It has evolved from custom-made scanners (applied mostly to 
imaging small-animal bones and segments of larger animal bones) to commercially 
available scanners designed for in vivo imaging of skeletal and soft tissues. 
Numerous reviews of the development and applications of micro-CT have been 
published [ 6 – 9 ]. A number of commercially marketed micro-CT scanners are now 
available for in-vivo small animal imaging. Some performance characteristics of a 
selected set of available small-animal CT scanners are summarized in Table  6.1 . As 
this is a rapidly evolving market, this table is likely to be incomplete and in part 
obsolete in the not too distant future. Nonetheless, the message remains, in that the 
different functional characteristics of these scanners and the different imaging needs 
of the potential purchaser, will need to be carefully matched.

  Fig. 6.1    Schematic of a small-animal CT scanner system. The small animal is anesthetized and 
lies on an horizontal table. If the animal’s ECG and/or thoracic movement is monitored, then either 
prospective or retrospective gated scans and/or reconstructions can be performed by incremental 
recording/selection of the different angles of view required to generate transaxial CT images. The 
X-ray source and its opposite X-ray imaging array rotate about the cephalocaudal axis of the ani-
mal. Some scanners have dual X-ray source/detector arrays arranged at right angles to each other, 
which halves the scan time required. The animal table can be translated axially (i.e., at right angles 
to the plane described by the X-ray source trajectory) so that the length of the body scanned can be 
several times the length of animal exposed by the X-ray source [ 5 ]       
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   Similarly, because some scanners have a range of operational characteristics 
while others are more suitable for “turn-key” operation, an investigator will need to 
consider the positives and negatives of the operational fl exibility of a scanner. 

 The grey-scale of those voxels is proportional to the attenuation coeffi cient of the 
material at the spatial location depicted by the voxel. The voxel is usually of the 
order of approximately 50–100 μm on-a-side when intact small animals are 
scanned—perhaps more appropriately called  mini-CT  because its CT images are 
scaled so as to provide voxel resolution such that the number of voxels per organ are 
similar to that obtained in human CT images. This generally involves clinical level 
X-ray photon energy. However, as small animals have higher heart and respiratory 
rates than humans do, scanning of the thorax involves scans that provide incremen-
tal scan data acquired over a number of sequential heart and/or respiratory cycles, 
so-called gated scanning. To provide CT image signal-to-noise comparable to clini-
cal CT scanners the X-ray exposure of the animal or specimen should increase by 
an amount proportional to at least the inverse of the voxel volume [ 10 – 12 ]. As the 
radiation itself might affect the pathophysiology of interest in, for instance angio-
genesis or cancer [ 6 ] a voxel size less than (50 μm) 3  could result in excessive radia-
tion exposure in living animals if repeated scans are involved. 

 True  micro-CT , which has voxel resolution of the order of approximately 5–50 μm, 
is suitable for scanning isolated organs from small animals or tissue  biopsies from 
larger animals or indeed intact dead small animals. For isolated  specimens, for which 
higher resolution is often desired, the scanner generally operates at lower X-ray pho-
ton energy which is optimally matched to the diameter of the specimen [ 13 ]. 

 In recent years several bench-top  nano-CT  scanners with sub-micrometer voxel 
resolutions have been developed and are commercially available. These can provide 
3D images at cellular level of resolution, but scan only small volumes.  

2     Rationale for Use of Small-Animal CT 

 CT has been used primarily to provide 3D images of anatomic structures and func-
tion of those structures by virtue of motion of those structures and/or of dynamic 
distribution of contrast agent within the vascular tree. Traditional clinical CT and 

   Table 6.1    Commercially-available small-animal CT scanners   

 Scanner  Diameter (mm)  Length (mm)  Voxel (μm)  kVp 

 Gamma Medica X-O  93   97  17  75 
 GE eXplore CT120  85  275  25–100  70–120 
 GE eXplore Lotus  55  275  27–90  70–120 
 Imtek micro-CATII  54   80  15–27  0–130 
 LaTheta LCT-200  30–120  300  24–60  80 
 ScanCo vivaCT 40  20–38  145  10–38  50–70 
 ScanCo vivaCT 75  40–78  145  20–79  50–70 
 SkyScan 1076 in vivo  68  210  9–35  20–100 
 SkyScan 1178  82  210  80–160  20–65 
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small-animal CT approaches have rarely been used to generate images of the spatial 
distribution of specifi c molecules by virtue of the CT image data itself. The uses of 
small-animal CT in biology include the following. 

2.1     Phenotype Characterization by Anatomic Structures 
and Material Composition 

 Organ dimensions (e.g., dimensions of airways or volumes of lung, heart wall or 
chambers [ 14 ,  15 ]), bone mineralization [ 16 ,  17 ], micro-architecture of the cancel-
lous bone and cortical bone thickness [ 18 ], blood vessel lumen diameter and 
branching geometry [ 19 – 21 ], tumor size and impact on its surrounding tissues (e.g., 
bone erosion or compression of adjacent blood vessels). Such measurements would 
be seen to change in response to maturation and/or disease or due to exposure to 
various pharmacological agents, environmental conditions or radiation exposure. 
These dimensions and local CT grey-scales can be measured directly from the 3D 
CT image data and thereby represent the main application of small-animal CT 
imaging to date.  

2.2     Physiological Spaces and Their Contents 

 In addition to anatomic structures, especially entire organs, there are “macro-
scopic” physiological spaces such as the intravascular lumens, the lumens of ducts 
(e.g., renal tubules, ureters, bowel, bladder and bile ducts which tend to vary with 
time or pathophysiological conditions) or less well-defi ned microscopic spaces 
such as the extravascular space between the vessel endothelium and the parenchy-
mal cells. This space swells with edema or with deposition of pathological pro-
teins such as occurs in amyloidosis, or lipids such as occurs in atherosclerosis. 
These spaces can be detected and thereby delineated by use of contract agents 
which selectively accumulate (or avoid) those spaces. For the vascular tree iodin-
ated-molecule solutions are used and bile and renal ducts can be opacifi ed by vir-
tue of intravascular injection of contrast agents that are selectively taken up and 
excreted by the liver or kidney respectively. Very transient labelling of those 
spaces can still be scanned despite the relatively slow micro-CT scans if incremen-
tal scans acquired from repeated contrast injections [ 22 ], use of long-duration con-
trast agent concentration in the blood stream [ 9 ] or snap-freezing of the tissue of 
interest for subsequent cryo-static scanning [ 23 ], are used to acquire the needed 
scan data. The volume of these spaces can be computed from the increase in CT 
values of those spaces.  
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2.3     Tissue Perfusion, Drainage and Secretion: 
Molecular Transport 

 Tissue perfusion (F) can be estimated    from CT scans if they provide images at 
each heart cycle during the passage of a bolus of intravascular contrast agent [ 24 ]. 
Given the values of F and the extraction (e) of the contrast from the blood stream 
into the extra-vascular space, then the rate of infl ux or washout of the contrast 
agent from a physiological space can be used to estimate the transport into or out 
of that space from the Crone–Renkin relationship [ 25 ]: PS = −F·ln(1 − e), where P 
is the endothelial permeability and S is the surface area of the endothelial surface. 
The value of S can be estimated from the intravascular blood volume of the 
microcirculation.  

2.4     Need to Scan Entire Organ and Resolution 

 The volume that needs to be scanned is determined by several, sometimes confl ict-
ing, needs. Thus, we would need to scan an entire organ if we are looking for a 
focal lesion such as early cancer. On the other hand, at high voxel resolution it may 
technically not be possible to scan an entire organ at that resolution due to, for 
instance, limits on the X-ray detection system resolution and size. For estimation 
of organ volume, relatively large voxel sizes can be tolerated (e.g., a (2 cm) 3  heart 
needs approximately 4,000 voxels of (30 μm) 3  if better than a 1 % uncertainty is 
desired). However, if a 200 μm diameter basic functional units (i.e., BFU, the 
smallest accumulation of diverse cells that behave like the organ it is in, e.g., an 
hepatic lobule or a Haversian canal-centered osteome) is of interest, then voxel 
resolutions of better than (100 μm) 3  will be needed just to unambiguously detect it, 
but a (3 μm) 3  voxel would be needed if the volume of the BFU is to me estimated 
within 10 %.   

3     Types of Small-Animal CT Approaches 

 The above considerations apply to most current uses of small-animal CT. These 
applications can also provide some information about atomic content and therefore 
relate to molecular discrimination and quantitation at only an indirect level. There 
are, however, other aspects of X-ray/matter interaction that can be used to discrimi-
nate and quantitate atom concentration as well as some chemical bonds, i.e., a more 
direct aspect of molecular characteristics. 
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3.1     Attenuation-Based Scanning 

 This is the basis for the most common and most technically straightforward mode 
of CT scanning. The basic mechanism is the generation of a shadowgraph which is 
quantitated by measurement of the reduction in local X-ray intensity. By use of the 
Beer–Lambert law, I = I o ·e −μx , where I is the detected X-ray intensity at a detector 
pixel after passing through an object of thickness x, I o  is the incident X-ray intensity 
at the same pixel and μ is the attenuation coeffi cient of the specimen’s material. As 
shown in Fig.  6.2  the attenuation coeffi cient (expressed as “/cm” of matter tra-
versed) decreases exponentially with increasing X-ray photon energy up to an 
energy of up to approximately 50 keV due to the photo-electric effect (proportional 
to Z 3 /E 3 , where Z is the atomic number and E is the photon energy), beyond 
50 keV μ decreases slowly with photon energy due to the Compton effect (largely 
independent of Z).

   This image can be converted to a projection of the attenuation x thickness prod-
uct (i.e., the line integral) along the X-ray beam traversing the object. With multi- 
angular projection data this can be mathematically converted to the three-dimensional 
distribution of the local attenuation coeffi cient at the site of each voxel making up 
the 3D image data set [ 27 ]. The X-ray beam should be monochromatic if beam 
hardening is to be avoided. This is readily achievable with a synchrotron [ 28 ,  29 ] by 

  Fig. 6.2    Attenuation of X-rays passing through tissues differs depending on the tissue elemental 
content and the energy of the X-ray photons. In this example of a fi ltered 80 kVp source (effective 
54 keV) the difference between calcium and soft tissue is dramatic. If the calcium is diluted so that 
its attenuation is comparable to the soft tissue, then by generating images at two energies, e.g., 80 
and 50 keV, the Ca component will change more rapidly than the soft tissue, hence a subtraction of 
the two images will tend to leave a calcium signal but eliminate the tissue signal [ 26 ]       
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use of a diffraction crystal which can select those X-ray photons within a ±50 eV 
energy range. This can also be achieved in part by fi ltering the X-ray beam prior to 
it encountering the specimen. This generally involves use of a layer of aluminium 
which preferentially removes the lower energy photons, but if the K α  emission of the 
anode is to be used as the primary source (e.g., 17.5 keV for a Molybdenum anode), 
then a suitably matched fi lter with a Kedge absorption energy just greater than the 
K α  energy would also selectively reduce the photons with energy greater than the K α  
energy [ 30 ] (e.g., 18 keV for a zirconium fi lter). This approach is effective but 
for the bench-top X-ray source results in a greatly diminished X-ray fl ux and 
hence requires long scan periods which are generally incompatible with in vivo 
scanning. 

 Finally, the signal (i.e., the change in local contrast of the shadowgraph) in all 
attenuation-based imaging approaches involves local reduction of X-ray intensity, 
which is accompanied by a reduced signal-to-noise ratio due to the reduction in the 
number of photons impinging on each detector pixel. Noise in this context is the 
variation of signal in adjacent pixels that should have identical signals due to the 
line integral of the specimen along the X-ray beam illuminating each pixel being 
identical. For specimens higher contrast resolution can be achieved by use of lower 
energy photons. As shown in Fig.  6.3 , Spanne [ 31 ] showed that E has to increase 
with sample diameter (actually μx product) if noise is to be kept constant. Grodzins 
[ 13 ] showed that the optimal trade-off between signal and contrast resolution occurs 
when 10 % of the incident beam is transmitted. If the duration of the scan is impor-
tant (especially in living animals) then higher X-ray photon energy is used because 
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  Fig. 6.3    The optimal photon energy for the detection of a 1 % density difference in circular water 
phantoms as a function of the diameter of the phantom. The diameter of the contrasting detail is 
1/200 of the phantom diameter. Optimization criteria:  cross symbol , minimum absorbed dose at 
center of phantom;  fi lled square , minimum number of incident photons [ 31 ]       
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of the higher signal (due to less attenuation). However, this is at the “cost” of lower 
“density” resolution.

   This image can be converted to a projection of the attenuation x thickness prod-
uct (i.e., the line integral) along the X-ray beam traversing the object. With multi- 
angular projection data this can be mathematically converted to the three-dimensional 
distribution of the local attenuation coeffi cient at the site of each voxel making up 
the 3D image data set [ 27 ]. The X-ray beam should be monochromatic if beam 
hardening is to be avoided. This is readily achievable with a synchrotron [ 28 ,  29 ] by 
use of a diffraction crystal which can select those X-ray photons within a ±50 eV 
energy range. This can also be achieved in part by fi ltering the X-ray beam prior to 
it encountering the specimen. This generally involves use of a layer of aluminium 
which preferentially removes the lower energy photons, but if the K α  emission of 
the anode is to be used as the primary source (e.g., 17.5 keV for a Molybdenum 
anode), then a suitably matched fi lter with a Kedge absorption energy just greater 
than the K α  energy would also selectively reduce the photons with energy greater 
than the K α  energy [ 30 ] (e.g., 18 keV for a zirconium fi lter). This approach is effec-
tive but for the bench-top X-ray source results in a greatly diminished X-ray fl ux 
and hence requires long scan periods which are generally incompatible with in vivo 
scanning. 

 The absolute value and rate of decrease of attenuation coeffi cient differs depend-
ing on the element and the density of the material. Thus, the attenuation value of 
muscle tissue decreases 765-fold from 1 to 10 keV but only 31-fold from 10 to 
100 keV whereas blood decreases 690 and 32-fold over the same ranges of photon 
energies. Subtracting the image obtained at a low from that obtained at higher pho-
ton energy would differentiate blood and muscle tissue better than their attenuation 
coeffi cient alone would at any one photon energy. 

 At 10 keV tissues of different density (e.g., fat, muscle and bone) show consider-
able differences in attenuation coeffi cients (3.1, 5.6 and 54/cm respectively) and 
hence can be distinguished from each other by their attenuation coeffi cient alone. 

 The attenuation coeffi cient can change dramatically at the so-called Kedge. As 
illustrated in Fig.  6.4  for iodine the attenuation coeffi cient increases from 6.55/cm 
to 35.8/cm when the photon energy increases by a mere electron volt at 33.1694 keV. 
Certain biologically relevant elements (such as iodine which occurs naturally in the 
thyroid gland or when purposely bound chemically to biological molecules of inter-
est) can be identifi ed and quantitated by subtracting images generated at a photon 
energy just below and just above the Kedge transition voltage. Unfortunately none 
of the common elements that occur naturally in the tissues of the body (e.g., Na, K, 
Ca, P etc.) have Kedges at suffi ciently high keV photon energy that can be used for 
imaging of even isolated mouse organs, much less intact mice.

   This is because at these very low photon energies (i.e., <10 keV) the attenuation 
of the X-ray is so large (i.e., only 0.5 % of photons pass through 1 cm of water—the 
thickness of a mouse abdomen) that useful images cannot be generated at accept-
able radiation exposure levels. 

 This methodology generally involves use of either two energies of monochro-
matic photon radiation with narrow spectral bandwidth that “straddle” the Kedge 
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energy of the atom of interest or an energy selective X-ray detection system used 
with broad spectrum X-ray exposure. Narrowing of the spectral bandwidth (i.e., 
range of X-ray photon energy) down to levels of 50 eV can be achieved by use of a 
diffraction crystal at a synchrotron because even with this great restriction of X-ray 
fl ux there is still adequate X-ray fl ux to allow rapid imaging (Fig.  6.5 ).
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  Fig. 6.4    Attenuation of X-ray, normalized for gravimetric density, by iodine decreases with 
increasing energy, but at approximately 5 and 33 keV there are step changes in attenuation. These 
are the so-called Ledge and Kedge of Iodine which correspond to the energy of the electrons in the 
L and K shells of the iodine atom. Water (the main component of living tissues) has those discon-
tinuities due to the hydrogen and oxygen at 16 and 500 eV respectively, well below the X-ray 
photon energies used in small-animal-CT. Subtraction of two X-ray images involving X-ray pho-
ton energies at 32 and 34 keV would show a large difference in iodine signal but a relatively small 
change in the water signal—resulting in an essentially iodine-only image. Micromolar (15 μg/cm 3 ) 
concentrations of iodine can be detected by this method [ 32 ]       

  Fig. 6.5    A dual energy 
subtraction CT image of a 
rabbit lung obtained during 
inhalation of xenon gas 
(Kedge 34.56 keV). Note, the 
bright left and right bronchi 
and the less bright 
parenchymal signal of the 
xenon in the alveoli [ 33 ]       
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   With conventional X-ray sources which produce broad spectrum bremsstrahlung 
suitable selection of the anode material for its characteristic K α  emission of the 
material, combined with a thin metal foil fi lter which has an absorption K edge just 
above the K α  photon energy, the spectral bandwidth can be reduced to 30 % or less. 
If an energy discriminating detector is used then those photons with energies of 
interest can be selected from the X-ray image data [ 34 – 38 ]. 

 Recently detector arrays with 55 μm 2  pixels, energy discrimination and photon 
counting (up to 8,000 photons/s per pixel) have become available [ 34 ] for energies 
up to 18 keV (silicon-based array), 50 keV (GaAs array) and 75 keV (CdTe array) 
at 50 % detector effi ciency (Fig.  6.6 ).

3.2        Fluorescence-Based Scanning 

 As shown in Fig.  6.7 , elements that are irradiated with X-rays also fl uoresce with 
X-ray photons that have an energy that is characteristic of that element. This 
 so- called K α  emission also has low energy for most biological elements (e.g., Na 
1 keV, P 2 keV, K 3.3 keV). However, by exposing a specimen to X-rays with 
 photon energies higher than the K α  energy of the element of interest, chemically 
surrogate elements (e.g., Rb, a surrogate for potassium, has a K α  of 13.4 keV and Sr, 
a surrogate for Ca, has a K α  of 14 keV) or elements that can be used to label 

  Fig. 6.6     Left panel : A CT image of a transaxial cross section of a mouse thorax. The bronchial 
tree had barium sulphate infused and the pulmonary artery had an iodine-based contrast injected. 
These different materials and the skeletal features cannot be distinguished unambiguously on the 
basis of their CT grey-scale values.  Right panel : The use of Principal Component Analysis by 
virtue of the ability to extract the different X-ray photon energy components from the bremsstrah-
lung X-ray exposure allowed identifi cation and quantitation of the three elements by virtue of their 
different attenuation-to-photon energy relationships—as illustrated in the  upper panel  [ 34 ,  35 ]       
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 molecules or particles of interest (e.g., with Iodine which has a K α  = 28.5 keV). 
This approach is particularly useful for detection of heavy metal contamination 
such as lead deposited in bone.

   This approach can have several source/detector confi gurations, but as illustrated 
in Fig.  6.8 , all detect the fl uorescent X-rays at an angle to the illuminating beam. 
Thus, the regular transmission image can also be recorded during this scan.

   If the fl uorescence detector is suffi ciently far from the object, then it will detect 
a line integral of emissions along each transilluminating pencil beam. If a colli-
mated detector is used then each point along the transilluminated beam can have its 
emissions quantitated. This is straightforward if just a pencil beam is used because 
then the emissions are coming from a known location in the specimen. The only 
correction that has to be made is for the attenuation of the illuminating beam as it 
proceeds to the voxel of interest within the object and of the fl uorescent emissions 
as they exit the specimen from that voxel. This can be done by use of the 3D attenu-
ation map generated with the regular attenuation-based scan. To generate a 3D 
image would require scanning the X-ray beam transaxially relative to the object, 
which would require long scan durations. If, however, the specimen is illuminated 
with a thin, planar X-ray beam, along with a Suitable 2D collimator, then an axial 
plane of the specimen is illuminated, thereby speeding up the 3D scan process. 

 If the entire specimen is illuminated by, for instance, a cone beam of X-ray and 
observed with a multi-hole collimator, then each detector pixel records a line 
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  Fig. 6.7     Left panel : X-ray photon energy spectrum in scattered radiation measured at an angle to 
an illuminating X-ray pencil beam passing through an iodine solution. Thomson scatter is coherent 
and occurs at angles generally less than 15°. The energy is identical to the illuminating, 37 keV, 
X-ray beam. This defl ection is used to generate a CT image of the location and concentration of a 
specifi c molecule. Compton scatter is predominant and its photon energy and intensity change with 
angle (0–180°) from the illuminating beam. The K α  and K β  peaks are the characteristic fl uores-
cence of iodine. The intensity falls off with increasing angle to the illuminating X-ray beam. When 
the X-ray intensity at these peaks is used to generate a CT image, it is an image of the location and 
concentration of the element with that characteristic emission spectrum [ 39 ].  Right panel  shows 
the linear relationship between the fl uorescent counts and the concentration of iodine. Note that in 
attenuation-based CT the detectable concentrations are in the milli-molar range (10 mg/cm 3 ) rather 
than the micro-molar range (60 μg/cm 3 ) possible with fl uorescence CT [ 40 ]       
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integral of fl uorescence emissions, which would require multi-angular data, just as 
in a regular CT scan, to unravel the line integrals. 

 The fl uorescent radiation is preferentially in the “forward” 2π steradians. This 
means that multiple detectors could be arranged around the transmission detector so 
as to decrease the duration of the scan because of the increased number of photons 
emitted at each point in the specimen being detected. Use of an energy discriminat-
ing detector system is needed to separate the Compton scatter from the fl uorescent 
emissions.  

3.3     Scatter-Based Scanning 

 Coherent scatter is a function of charge distribution within the scattering medium. 
As material with highly periodic charge distribution will scatter into well defi ned 
angles (so-called Bragg angles), various factors will tend to blur this discrete inter-
ference effect. Incoherent scatter can be separated from the coherent scatter by 
 virtue of the fact that incoherent (i.e., Compton) scatter is diminished over the range 
of angles of importance for coherent scatter. Coherent scatter of X-rays which has 
the same photon energy as the illuminating X-ray and incoherent X-ray that has less 
energy than the illuminating beam. Figure  6.9  shows that these two scattering 
mechanisms distribute their photons over different solid angles relative to the illu-
minating beam.

  Fig. 6.8    Schematic of system for fl uorescent X-ray tomographic imaging.  Left panel : Involves 
trans-illuminating the specimen with a pencil beam of X-ray with narrow spectral bandwidth so 
that the lower photon energy K α  can be discriminated from the scattered X-ray. In order to generate 
the set of line-integral data needed for Radon-based tomographic reconstruction, this X-ray beam 
has to be translated across the specimen and this is repeated at each angle of rotation of the speci-
men about its axis. This is a very laborious process generally incompatible with live-animal 
 scanning.  Right panel : Involves a collimator which records the fl uorescence from each location 
along the beam traversing the specimen so now no rotation of the specimen is needed to complete 
the scan of a single cross section. Indeed, a plane (oriented at right angles to the plane of the fi gure) 
is exposed then with a 2D collimator a volume can then be scanned in single rotation [ 41 ]       
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   The scanner arrangement and subsequent processing of the detected signals is 
very similar to that of the fl uorescence approach. The angular distribution of the 
coherent X-ray scatter is characteristic for different materials, especially for poly-
meric molecules such as collagen by virtue of the repetitive nature of the chemical 
bonds which have lengths of the order of an X-ray wavelength. 

 As illustrated in Fig.  6.10 , the angle-dependant pattern of coherent X-ray scatter 
is characteristic for the material being illuminated. This pattern is called the momen-
tum transfer curve (q).

   It is generally generated by observing the scatter over a range of angles θ. Use of 
an energy-discriminating detector system can be used to reduce (or even eliminate) 
the need for multiple angles of view because q = (1/λ)sin(θ/2) where λ is the X-ray 
photon wavelength and θ is the angle between the illuminating X-ray beam and the 
scatter direction can also be represented by q = (E/12.3)sin (θ/2) where θ is fi xed and 
the range in photon energy E (keV) is provided by the breakdown of the broad X-ray 
spectrum into a number of energy “bins”. The energy discrimination could also help 
separate the Compton scatter from the coherent scatter. 

 This characteristic curve can be used to identify the material. Molecules with 
strings of repetitive chemical bonds include proteins (e.g., collagen) and synthetic 
materials such as often used in prosthetic devices made of synthetic polymer-based 
materials. The wavelength of the K α  X-ray emission of tungsten is 20 pm and of 
molybdenum is 71 pm, hence it is repetitive structures such as chemical bonds (e.g., 
C–C 154 pm, C–H 109 pm) that produce strong coherent scatter patterns. As shown 
in Fig.  6.11 , collagen or protein, which contain strings of repetitive chemical bonds, 

  Fig. 6.9    Two mechanisms of X-ray scattering—coherent scatter has photon energy equal to that 
of the illuminating beam and is limited to approximately 0–15° from the illuminating beam, the 
actual angular distribution being dependant on the illuminating photon energy and the chemical 
bonds in the material. Incoherent (Compton) scatter has photon energy less than that of the illumi-
nating beam. Its angular distribution is essentially constant over all but the acute and obtuse angles 
relative to the illuminating beam [ 42 ]       
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differ distinctly in their scattering characteristics. Attenuation coeffi cients differ by 
a ratio of 0.02 of clinical kVp levels [ 44 ].

   Different collagen types differ in their X-ray scattering characteristics such as 
occurs when the collagen is malformed in cancerous tissues, can be detected [ 46 ]. 
This is perhaps the most promising aspect of X-ray imaging with respect to the 
ability to detect and discriminate a variety of molecules directly with X-ray imag-
ing. At this stage imaging of coherent X-ray scatter has been demonstrated only in 
test phantoms and isolated tissue specimens. Thus, the peak coherent scattering 
intensity for tendon was found to be approximately at a momentum transfer value 
of 10 Å −1  whereas skeletal muscle had a value of 17 Å −1  [ 45 ]. Unfortunately, due 

  Fig. 6.11    Two momentum 
transfer curves—one from 
muscle and one from tendon. 
The greater collagen content 
of the tendon shifts the peak 
of the curve to the left (by a 
ratio of 0.47) and thus allows 
discrimination of muscle 
from tendon more readily 
than is possible by 
conventional coeffi cients of 
tendon and muscle [ 45 ]       
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  Fig. 6.10    X-ray scatter curves (more generally expressed as momentum transfer curves in which 
the X-ray wavelength is also accounted for) recorded from water, glycerol and oil which were 
illuminated by a pencil beam of 17.5 keV X-rays. Even though these curves were not corrected for 
the Compton scatter contribution, the different curves clearly allow discrimination of glycerol and 
oil which have very similar attenuation coeffi cients [ 43 ]       
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to the low signal-to-noise of this imaging approach at the radiation levels tolerable 
in living animals, scatter-based CT is probably practical only when the accumula-
tion of the molecules of interest are locally widespread (so that large voxels can be 
used to increase signal-to-noise) and concentrated. These conditions are most 
likely to be achieved with pathological accumulations of proteins such as in amy-
loid disease and when applied to imaging prosthetic device materials (especially 
when the μ of the prosthetic material is close to the μ of the surrounding tissues) in 
living small animals.  

3.4     Phase Contrast Scanning 

 X-rays, like light, are refracted by matter, resulting in slight deviations of the X-ray 
beam from its initial straight-line trajectory. However, the refractive index of X-ray 
in water is very small, 7.4 × 10 −7  [ 46 ]. Nonetheless, as shown in Fig.  6.12 , the phase- 
shift component (δ) of the refractive index is orders of magnitude greater than the 
attenuation component (β) of the compound refractive index n: n = 1 − δ − i·β, where 
i = √−1. At 17.5 keV there is a 180° phase shift caused by 50 μm of tissue whereas 
the change in attenuation caused by 50 μm water is only 0.25 %.

   The defl ection of the X-ray results from a shift in the phase of the X-ray, which 
in turn is the result of the X-ray’s interaction with the molecular structure of the 

  Fig. 6.12    Atomic X-ray phase shift (ρ) and absorption (μ) of 24 keV X-ray as a function of atomic 
number. The X-ray refractive index of matter n = 1 − δ − i·β, where δ is the phase shift related com-
ponent and β the attenuation related component. The step-change in the absorption curve corre-
sponds to the Kedge effect. Note that the ρ value is orders of magnitude higher than the μ value at 
any one atomic number, indicating that either the X-ray refractive properties of matter can either 
be exploited to provide higher contrast resolution or reduced radiation exposure [ 47 ]       
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material. Phase shift cannot be measured directly with imaging systems because the 
frequency of approximately 10 18 /s is much too fast. However, phase shift can be 
detected much more readily by virtue of interference patterns that can be generated 
by several means. This can be achieved by four methods as illustrated in Fig.  6.13  
The fi rst demonstration of this approach involved use of a parallel beam of narrow 
bandwidth monochromatic X-ray that is split into a reference beam which bypasses 
the specimen so that the interference pattern generated by mixing the reference 
beam and the beam passing through the specimen can be used to generate a map of 
the line integrals of phase shift at each angle of view.

  Fig. 6.13    Four methods of using the very slight deviation of X-ray due to change in refractive 
index of material along the path of an X-ray beam. This effect can also be detected quantitatively 
by virtue of the phase shift of the X-ray.  Left upper panel  shows how the slight deviation of the 
X-ray can be used by inverting the image data obtained in many views around the object [ 48 ]. This 
method involves placing the detector array at increasing distance away from the X-ray source. The 
change in local image brightness distribution can then be used to deduce the refraction at each 
location in the transmitted X-ray image.  Right upper panel  shows how use of the interference 
between the phase of a reference beam and the beam transmitted (and phase shifted) by an object 
can be used to generate a moiré pattern that can be “unravelled” to provide the local phase shift in 
the transmitted beam [ 49 ].  Right lower panel  shows how a silicon crystal diffractometer can be 
used to directly measure the small angular defl ection of individual X-ray beams by rocking the 
crystal [ 50 ].  Left lower panel  shows how gratings can be used to generate “coded” X-ray images 
such that the distortion of that coded image by the phase shift can then be used to estimate the local 
refraction [ 51 ]       
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   This method is very effective but would be technically very diffi cult to scale up 
for intact animals or large tissue specimens. Another method involves using a 
Bragg diffraction crystal which is used to differentiate the very slight angle between 
the refracted and transmitted X-ray beam. This also requires a parallel beam of 
very narrow bandwidth X-rays and involves rotating (rocking) the analyzer crystal 
over a range of angles to generate the multiple images of X-ray intensities at each 
angle of view about the specimen and for each pixel at that angle of view around 
the specimen. 

 The most practical method, and the method that most readily can accommodate 
a broad spectrum, non-parallel X-ray beam, involves use of multiple venetian 
blind- like gratings (for instance consisting of micrometer wide layers of gold on 
silicon) placed between the source and specimen (to convert the full area beam into 
a series of parallel linear sources) and between the specimen and the detector array 
(to analyze the transmitted X-ray image). The slight defl ection of the X-rays due to 
the refraction in the specimen can be quantitatively detected by moving the ana-
lyzer grating across the image in steps that are fractions of the interval between 
adjacent slats in the source grid, much like the function of a vernier micrometer 
[ 52 – 58 ]. Figure  6.14  is an example of the high contrast that is achievable with this 
methodology [ 59 ].

   The phase shift can be shown to be proportional to mass density for most biologi-
cal materials, except when there is a high proportion of hydrogen present which has 
almost double the effect on phase due to its unique electron charge to Z ratio.   

  Fig. 6.14    Phase-contrast X-ray CT image of rat kidney obtained at 35 keV. Whole structures of 
renal cortex, medulla and pelvis were observed [ 59 ]       
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4     Technical Issues 

 If the X-ray source/detector system is stationary (which is always true if the X-ray 
source is a synchrotron) and the specimen is rotated, then this has the advantage that 
the heavy components of the scanner can be rigidly and accurately positioned with 
great precision. This works very well for in vitro specimens, but this generally 
involves use of a vertical rotation of the specimen (rather than horizontal) as this 
minimizes the gravity-induced movement or distortion of the specimen, relative to 
its axis of rotation. The living animal and its contents cannot be secured suffi ciently 
rigidly to prevent motion as it rotates about a horizontal axis. While rotation of a 
living animal about a vertical axis minimizes this problem, maintenance of a verti-
cal position over an extended period of time is not physiological for larger quadru-
peds and may interfere with cardiopulmonary function, although it is generally 
acceptable for small rodents. 

 Rotation of the X-ray source/detector system about a horizontal axis ensures that 
the animal is in its physiological horizontal position, and thus it will not distort with 
angle of view. A technical requirement for this arrangement is that the generally 
heavy source/detector components have to rotate so that deviation from the ideal 
trajectory about the axis of rotation is smaller than the detector pixel size. 

 The duration of a complete scan depends on the X-ray fl ux that can be generated 
by the X-ray source as this governs the duration required to generate a projection 
image of suffi cient quality (i.e., signal-to-noise and motion blurring) to be used for 
tomographic imaging and to a lesser extent the speed with which the necessary 
X-ray detection information can be recorded and transferred to an off-scanner mem-
ory. These factors vary greatly depending on the specifi c X-ray modality used to 
generate the tomographic image data. 

 If a synchrotron is used to generate the X-ray, then this very brilliant source can 
be used to generate a very narrow bandwidth monochromatic X-ray beam [ 60 ]. 
State-of-the-art synchrotrons can generate monochromatic X-ray beams of up to 
100 keV photon energy. This beam can be suffi ciently intense that the main factor 
in the duration of the scan is the time required for image recording and transfer to a 
memory. The method is also limited in the width and height of the fi eld-of-view that 
is exposed by X-ray. If a bench-top roentgen X-ray source is used then the diver-
gence of the X-ray beam can be used to expose a large fi eld-of-view. However, use 
of a point-source X-ray the cone-beam geometry introduces some mathematical 
complications which may limit the resolution of the tomographic images at the 
upper and lower axial extents of the specimen. This effect is largely overcome by 
combining a translation with the rotation trajectory, most commonly achieved by 
either a “step and shoot”, in which the animal is advanced one axial fi eld-of-view 
length after completing each sequential scan. The helical CT scanning mode, in 
which the specimen is translated along the axis of rotation during the scan, allows 
coverage over a long axial extent but this reduces the temporal resolution of the 
tomographic image data set.  
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5     Radiation Exposure 

 X-ray exposure results in direct disruption of chemical bonds and generates super 
radicals which in turn damage near by molecules, the DNA being of particular con-
cern as this affects cell reproduction and its control [ 11 ,  61 – 63 ]. The number of 
photons absorbed in a voxel determines the noise in the CT image (i.e., the variation 
in grey scale from voxel-to-voxel differs even though they represent the same mate-
rial). For a given exposure of the subject the number of photons interacting within a 
voxel decreases in direct relationship with the voxel volume. This, combined with 
some other consequences of the scanning process, results in the radiation exposure 
to the subject having to increase with the fourth power of the voxel side dimension 
if the noise per voxel is to remain unchanged [ 10 ]. Consequently, the higher the 
spatial resolution the higher the radiation exposure. The LD50/30 dose (following 
which 50 % animals die within 30 days) for small animals is somewhat less than 
eight Grey. A scan generating (65 μm) 3  voxels would involve fi ve Grey exposure 
[ 63 ], tolerable in a terminal study, but not in the fi rst of several sequential scans of 
the same animal in a longitudinal study.  

6     Conclusions 

 Molecular structure, in terms of elemental components (either as part of the mole-
cule or as a synthetically labeled molecule) and certain chemical bonds (especially 
if they repeat along the length of long molecules) can be detected and somewhat 
characterized by X-ray micro-CT imaging methods. Conventional, attenuation- 
based, micro-CT often plays an integral part of non-attenuation-based micro-CT, 
because it provides the high spatial resolution confi nes of organs and physiological 
spaces in which molecules of interest tend to be confi ned, excluded or washout from 
and it provides the spatial distribution of X-ray attenuation that is needed to correct 
the non-attenuation-based micro-CT image data for attenuation of the X-ray used 
for image generation using the non-attenuation aspect. 

 Although the attenuation aspect and the other modalities can readily be individu-
ally integrated into a single micro-CT scanner, so that time is saved and more 
importantly that registration of the two different images is greatly facilitated, no one 
micro-CT combination is likely to meet all needs. 

 A major strength of small-animal-CT is that it provides clinically relevant image 
information of pathophysiology, both at scale-equivalent of clinical CT scan resolu-
tion. Micro-CT can provide image data at resolutions much higher than achievable 
with clinical scanners so that deeper insights into pathophysiological processes can 
be expected. Another strength of small-animal-CT is that it provides a test-bed for 
development and evaluation of novel, clinically applicable, X-ray imaging approaches.     
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1  Introduction

Magnetic resonance imaging (MRI) emerged in the 1970s from the laboratories of 
physical scientists where the basic phenomenon of nuclear magnetic resonance 
(NMR) was being investigated, and has rapidly expanded to permeate most areas of 
biological and clinical research. MRI is undoubtedly the most versatile of all the 
non-invasive imaging modalities. The MRI signal originates from the nucleus of the 
hydrogen atom (the proton) and while the intrinsic contrast of the MRI image 
reflects differences in proton density within the tissue, selection of appropriate sig-
nal preparation schemes allows image intensity to be linked to other important pro-
cesses such as blood flow (e.g. bulk flow for angiography or micro flow for tissue 
perfusion), Brownian water motion (e.g. diffusion imaging to assess tissue micro-
structure), tissue oxygenation (for functional information), etc. Further, the local 
chemical environment of the nucleus modulates the MRI signal frequency allowing 
the identification of molecular groups using the allied technique of MRI spectros-
copy (MRS) allowing metabolic measurements. No other imaging modality can 
rival this inherent flexibility. For all of these MRI measurement, the scanning instru-
mentation remains essentially constant, with selection of the contrast type deter-
mined by the specific imaging sequence alone. In this chapter we describe in detail 
the basic instrumentation required for small animal MRI.

2  Background to Magnetic Resonance

In this section we give a brief overview of the fundamentals of the MRI experiment 
as a background to describing the design and selection of MRI instrumentation.
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2.1  The Fundamentals of MRI Signal Generation

A complete description of the MRI experiment is beyond the scope or purpose of 
this chapter and has been described in many good texts on that subject [1, 2]. 
However, in order to understand the design criteria and selection of MRI instrumen-
tation it is necessary to first introduce some basic concepts.

MRI is based on the fundamental physical property of some nuclei known as 
nuclear magnetic resonance (NMR) which was first shown experimentally in 1945, 
and for which Felix Bloch and Edward Purcell shared the 1952 Nobel Prize for 
Physics. Key nuclei (e.g. 1H, 13C, 31P, 23Na, 19F, 7Li) possess a property described by 
quantum mechanics as spin (which equates well to a classical description of the 
nucleus rotating on its axis), and which leads to a property called the magnetic 
moment (μ). (Classically a rotating charged object can be decomposed into a series 
of circulating charged sub-particles which constitute an electric current, which has 
an associated magnetic field.) When placed in a strong uniform magnetic field 
(denoted Βο and by convention aligned along the z axis) these nuclei polarize 
between several discrete energy levels (the number of which is nucleus specific). In 
the case of conventional MRI the nucleus of interest is the proton which has two 
discrete (quantized) energy levels.

The energy separation (ΔΕ) for a two level system is given by

 ∆ πE Bo= γ h / 2  (7.1)

where γ is a nucleus specific constant known as the magnetogyric ratio and h is 
Planks constant. In the NMR experiment this energy is imparted to the nuclei via an 
applied electromagnetic wave of angular frequency ω which has associated energy 
given by

 E = hω π/ 2  (7.2)

For MRI the frequency of this electromagnetic wave is within the radio- frequency 
(RF) band. For resonant absorption of energy by the nuclei we can equate Eqs. (7.1) 
and (7.2) to obtain the expression

 ωo oB= γ  (7.3)

which describes the required RF frequency for nuclear resonance at a given  magnetic 
field strength. This frequency ωo is known as the Larmor frequency.

On a macroscopic scale the effect of polarizing the individual magnetic moments 
is to create a net magnetization along the axis of the magnet. A pulse of RF energy 
applied to the system causes a rotation of the magnetization vector away from the z 
axis towards the x–y plane (Fig. 7.1). The precise angle (α) through which the mag-
netization is rotated is known as the flip angle and is determined by the strength of 
the magnetic component of the applied RF pulse (B1) and the pulse duration tp.

 
α γ= ′( ) ′∫

0

1

tp

B t dt
 

(7.4)
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The interaction between the main magnetic field and the magnetization 
 component in the x–y plane is a torque which causes the magnetization to precess 
about the axis of the main field at the Larmor frequency. This precession can be 
detected by electromagnetic induction in a suitably placed detector coil.

2.2  Properties of the MRI Signal

Once the MRI signal has been excited, two main processes take over to return the 
nuclei to their equilibrium state. These are known as relaxation and act to destroy 
the observable magnetic resonance signal, and restore the original polarization of 
the nuclei in the applied magnetic field.

2.2.1  Transverse, T2 or Spin–Spin Relaxation

Following excitation by an RF pulse the transverse component of magnetization 
precesses under the action of the main applied magnetic field. At the atomic level 
fluctuations occur in the local environment of each nucleus due to interactions 

Fig. 7.1 The classical description of the nuclear magnetic resonance (NMR) experiment. In the 
presence of a polarizing field Bo(z) the sample has a net magnetization M. The magnetic field 
component (B1x) of an applied pulse of RF energy causes the magnetization to rotate into the trans-
verse (xy) plane. The main field exerts a torque on the transverse magnetization causing it to pre-
cess in the xy plane where it can induce a current in a suitably placed receiver coil

7 Small-Animal MRI Instrumentation
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between closely located nuclei (termed spin–spin interactions), such that energy is 
transferred from nuclei to nuclei. These fluctuations cause loss of coherence in the 
precession of individual nuclei and the observable magnetization (and hence the 
detected signal) decays or “relaxes” exponentially (Fig. 7.2) with a time constant T2.

 
M t M t Txy xy( ) = ( ) −( )0 2exp /

 
(7.5)

As the strength of the detected MRI signal is dependent on the total macroscopic 
magnetization precessing within the x–y plane, the detected signal also decays with 
the same time constant.

2.2.2  Longitudinal, T1 or Spin–Lattice Relaxation

The second relaxation process (termed longitudinal relaxation) determines the rate 
at which the nuclei return to their equilibrium longitudinal polarization aligned back 
along the z axis with the main static field. During longitudinal relaxation, energy is 
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Fig. 7.2 Illustration of the precession of magnetization and relaxation processes. (a–d) Interactions 
between individual nuclei (spin–spin interactions) causes loss of the coherent precession within 
the net magnetization leading to the decay of the Mxy component of magnetization, (e) recovery of 
the longitudinal magnetization Mz due to spin–lattice or T1 relaxation
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lost from the nuclei to the tissue with a second exponential time constant T1 
(Fig. 7.2e). If the applied RF pulse is calibrated to impart a 90° flip angle the recov-
ery of the magnetization to equilibrium is described by:

 
M t M t Tz z( ) = ( ) − −( ){ }0 1 1exp /

 
(7.6)

The T1 relaxation process is always slower than the T2 decay of transverse mag-
netization, and in vivo, the observable signal disappears some time before the nuclei 
have returned to their equilibrium polarization (Fig. 7.2d, e). The processes driving 
relaxation at the tissue level are determined by the precise environment experienced 
by each proton. Differing tissue compartments therefore have different relaxation 
times which can be exploited to generate contrast in MRI images [2].

2.3  Localizing the Origin of the NMR Signal: MRI

In 1973 Paul Lauterbur published pioneering data demonstrating the potential for 
using the nuclear magnetic resonance phenomenon to generate images [3] and for 
which he shared the 2004 Nobel Prize for Medicine and Physiology with Peter 
Mansfield. MRI is based around a simple extension to Eq. (7.3). If a linear magnetic 
field gradient (Gr) is superimposed on the main static field Bo, the frequency of the 
resonant condition becomes dependent on the location in space, i.e.

 
ω γr B G ro r( ) = +( )  

(7.7)

as illustrated in Fig. 7.3. By applying the field gradient simultaneously with the 
applied RF pulse Eq. (7.7) indicates that the pulse will only (selectively) excite a 
signal from the region of sample with resonant frequency matching the bandwidth 
properties of the applied pulse. Alternatively by applying a field gradient during the 
time when the signal is being sampled a distribution of frequencies will be present 
in proportion to the distribution of nuclei in space, which can be determined by the 
mathematical construct of the Fourier transformation [4].

2.4  The Basic Elements of MRI Instrumentation

From the above description it is possible to identify the main components of the 
MRI instrumentation, these being

 1. a uniform static magnetic field,
 2. a RF system arranged to efficiently irradiate the sample with radio-waves,
 3. a system to transiently impose a linear field gradient to localize the MRI signal,
 4. a RF system to detect, demodulate and sample the excited MRI signal, and
 5. a reconstruction and display system.
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3  The MRI Scanner

A schematic diagram of the entire MRI instrument is shown in Fig. 7.4. In this 
 section we consider the design criteria and selection of each of these components.

3.1  Magnet

The largest single component of the MRI scanner is the magnet system which gen-
erates the applied field Bo. Magnet design must be such that the field is highly uni-
form (homogeneous) and temporally extremely stable. It is convenient to describe 
these design specifications by considering the spatial frequency variation and 
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Fig. 7.3 The relationship between gradient field strength, MRI resonant frequency and the prin-
ciple of slice selection. An amplitude modulated pulse of RF waves at the Larmor frequency (ωo) 
has an effective set of frequency components given by the Fourier transform (FT). When applied 
in the presence of a field gradient Gr, the frequency spectrum of the pulse matches the resonant 
condition for only a small section of the object, exciting a signal from a selected slice
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 frequency stability they impart to an extended sample placed within the MRI 
 scanner. Typically basic magnet homogeneity must be better than 0.1 parts per mil-
lion (ppm) and stability must be of the order of a few Hz per hour (equating to a field 
drift of 1 part in 108 or better).

Examples of typical commercially available small-animal magnets are shown in 
Fig. 7.5, together with schematic illustrations of the internal design in Fig. 7.6. The 
majority of magnets for in vivo imaging are based around a similar design using a 
cryogenically cooled, superconducting, solenoid-type coil to provide a powerful 
and stable magnetic field. The solenoid itself is generally constructed from a nio-
bium/titanium or niobium/tin alloy which becomes superconducting (the wire resis-
tance is zero) below a critical temperature (Tc, 10 K for Nb/Ti, 18 K for Nb/Sn). The 
solenoid is suspended in a bath of liquid helium (boiling point 4.2 K). Once the 
main current has been established the ends of the solenoid can be joined via a super-
conducting switch to form a continuous loop, and the power-supply can be removed. 
The homogeneity of the magnetic field can be adjusted by passing current through 
additional field profile coils (the cryoshim coils) within the cryostat until the mea-
sured field is as uniform as possible. Slight residual resistance causes the field to 
decay with time, but this downward field drift is less than 1 part in 108 per hour. To 
maintain the superconducting state the solenoid is carefully thermally isolated from 
the rest of the magnet structure to minimize helium boil-off. Thermal isolation is 
enhanced by vacuum vessels and heat-shields. In traditional magnet designs a liquid 
nitrogen (boiling point, 77 K) vessel is also used (Fig. 7.6, lower left) as an addi-
tional heat shield for the helium bath. Boil-off of the relatively inexpensive liquid 
nitrogen is sacrificed in a bid to minimize helium boil-off. In this design, both 
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Fig. 7.4 Schematic diagram of the MRI scanner instrumentation
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cryostats must be refilled with cryogens on a frequent basis (weeks to months). 
More recent magnet designs incorporate a refrigeration system (the “cold head” and 
associated components, based on the pulse-tube refrigeration method of Gifford and 
Longsworth [5]) to re-liquify helium vapor within the magnet, minimizing boil-off 
(Fig. 7.6, lower right) and reducing cryogen costs, but at the expense of refrigeration 
costs. All magnet systems must be connected to a quench pipe to allow safe release 
of cryogen gas in the event of magnet failure when rapid and uncontrolled boil-off 
of cryogens can occur.

3.1.1  Selection of Magnetic Field Strength

In Sect. 2.1 we described that the proton nucleus has two energy levels in the applied 
magnetic field. From a macroscopic perspective the many nuclei within a sample 
are distributed between these two levels and, on average, the difference in the num-
ber of nuclei (Δn) which populate each of these energy levels can be described by

 
∆ ∆α βn n n N E KT= − = / 2

 
(7.8)

where N is the total number of nuclei, nα and nβ are the number of nuclei in each of 
the two levels, K is the Boltzmann constant and T is the sample temperature. 
Equation (7.8) shows that this distribution is driven by the thermal energy of the 
nuclei. Combining Eqs. (7.1) and (7.8) we find that the fractional difference in occu-
pancy of the energy levels is

 

∆n
N

hB
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4π  

(7.9)

Fig. 7.5 Typical commercially available small animal MRI magnet systems. Left: A cryogenic 
unshielded ultra-high field 16.4 T small animal MRI magnet. For scale, the free bore diameter is 
260 mm (courtesy of Varian Inc). Right: A 7 T, 300 mm bore ultra-shielded magnet with pulse-tube 
cryocooler for minimal helium boil-off (courtesy of Bruker Biospin Ltd)
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The observable signal strength depends directly on this excess difference in 
occupancy between the energy levels which at achievable field strengths of between 
0.1 and 10.0 T is only 1 in 2,870,000–28,700 nuclei. Thus the basic nuclear mag-
netic resonance phenomenon is actually inherently insensitive.

From Eq. (7.9) it is clear that there are two options to obtain a stronger MRI 
signal; operate at the highest possible magnetic field strength Bo, or decrease the 
sample temperature. This second approach is not compatible with in vivo imaging 
where core body temperature must be maintained within physiological limits, which 
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Cryoshim Coils
Cryoshim Coils
Magnet Coil

Quench Manifold

Pulse Tube Coldhead

Service Turret

Outer Vacuum Can

Nitrogen Can

Gas Cooled Shield

Helium Can

Replace N2
reservoir with

radiation shield

Conventional N2, He Design Refrigerated Design

Fig. 7.6 Schematic diagrams of the internal structure of the cryogenic and cryocooled magnet 
systems. The main magnetic field is produced by the Magnet Coil with additional field from the 
Cryoshim Coils which are adjusted to obtain the optimum magnetic field uniformity. Left: A cryo-
genic magnet design where liquid nitrogen and helium boil-off requires regular re-filling of the 
magnet dewars to maintain superconductivity. Right: A cryocooled magnet design where the nitro-
gen vessel is no longer necessary and helium vapor is recondensed back into the dewar leading to 
minimal boil-off in normal operation. The heat exchanger and chiller system required to cool the 
“cold head” are not shown in this illustration (courtesy of Varian Inc)
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leaves field strength as the only viable option. We will discuss advanced methods to 
generate hyperpolarization in Sect. 4.2. Therefore in general, higher field strength 
equates with increased signal to noise ratio in the MRI image and the highest pos-
sible field strength (within economic limits) is strived for. Table 7.1 lists typical 
field strengths used for in vivo imaging and the respective proton frequencies.

3.1.2  Siting-Shielding, Filtering, Fringe Field

Since the signal detection system is a high sensitivity RF receiver, shielding from 
stray RF signal sources in the local environment is critical for obtaining maximum 
sensitivity and eliminating image artifacts. Radio-frequency signals can penetrate 
down the scanner bore where they are detected by the system RF coil and enter the 
scanner via the signal pathway. The degree of penetration of RF noise along the 
bore depends on the dimensions (bore radius to magnet length ratio) with the bore 
itself acting as a waveguide providing some signal attenuation. To eliminate all 
extraneous noise sources the magnet is normally sited within, and earthed to a 
Faraday cage. All electrical connections to and from the magnet (e.g. scanner hard-
ware connections, or user equipment such as animal monitoring) pass through elec-
tronic filters in the Faraday cage wall to remove signal within any of the required 
operating frequency ranges of the system. An alternative to a full Faraday cage is to 
electrically “seal” the ends of the magnet bore with metal plates once the sample is 
positioned with the magnet, essentially creating a Faraday cage from the scanner 
bore and the end plates (Fig. 7.7).

The polarizing field present at the magnet isocentre is many thousands of times 
the earth’s field (the earth’s field is typically 0.05 mT) and decays with distance 
from the magnet structure. This fringe field extends into the scanner laboratory and 
poses several hazards to MRI scientists and must be carefully controlled [6], 
(Fig. 7.8). The largest hazard is to staff with active implanted medical devices such 
as cardiac pacemakers. These devices can be activated or damaged by interaction 
with the magnet fringe field, with potentially life threatening consequences. A safe 
working zone outside the 0.5 mT fringe field line must be established and inside 
which persons with such devices must not be allowed. Careful screening of staff can 

Table 7.1 Typical field strengths used for in vivo MRI investigation together with proton 
frequency (γ(1Η) = 4.25 × 107 Hz/T) and available bore sizes (maximum size of object)

Field strength (T) Proton frequency (MHz)
Typical bore 
size (mm) Purpose

1.5  63.75 600 Clinical imaging
3.0 127.5 600 Human/pre-clinical imaging
4.7 200.0 160–400 Human/pre-clinical imaging
7.0 300.0 160–400 Human/pre-clinical imaging
9.4 400.0 160–400 Human/pre-clinical imaging
11.7 500.0 160–400 Pre-clinical imaging
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Fig. 7.7 Illustration showing a magnet with integral Faraday cage (courtesy of Bruker  
Biospin Ltd)

Fig. 7.8 Fringe field plot for a typical self-shielded small animal MRI scanner with 210 mm bore 
operating at 9.4 T (courtesy of Varian Inc)
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eliminate risk. The fringe field however also exerts an attractive force on any fer-
romagnetic items in the vicinity. Loose metal objects can be attracted to the scanner 
with such force that they become projectiles, injuring staff and causing major dam-
age to the magnet structure. Again, careful design and monitoring of the scanner 
environment is crucial and can minimize this risk. Typically the requirements for a 
Faraday cage and safe working zone can be combined such that the 0.5 mT line is 
contained entirely within the Faraday cage.

Current magnet systems for small animal studies incorporate a self-shielding 
magnet design, whereby a second set of coil windings are positioned within the 
magnet cryostat. These are counter-wound to the main coils with a density of turns 
such that the fringe field from the primary windings is partially counteracted by the 
field from these screening windings. This design creates a compact installation foot-
print for the system. As an alternative to active self-shielding passive shielding can 
be incorporated by designing a steel enclosure around the magnet which contain the 
magnetic field.

3.2  Gradient System

In Sect. 2.3, we described how the localization of the MRI signal is performed using 
time-varying linear field gradients which are modulated during the MRI sequence. 
These fields are created by the system gradient coils. The desired gradient wave-
form is generated by the spectrometer gradient waveform control processor and fed 
to the gradient coils via high power linear constant current gradient amplifiers.

3.2.1  Gradient Coils

In order to localize the MRI signal in three dimensions the scanner is equipped with 
three orthogonal and independent gradient coils constructed around a series of con-
centric cylindrical formers. These are largely based on a Maxwell coil design for the 
z gradient and Golay coil designs [7] for the x and y gradients as illustrated in 
Fig. 7.9. As with the magnet structure, the magnetic field created by current flowing 
in the gradient coils is not confined to the gradient tube bore but has a fringe field 
component which extends around the coil structure. Rapid switching of the field 
gradients can induce eddy currents to flow within any conducting surface in the 
vicinity, particularly in components of the magnet cryostat. These eddy currents 
generate their own time-varying magnetic field which distorts the field generated by 
the gradient coil itself, leading to image artifacts and instabilities. The time constant 
of these eddy-currents is inversely proportional to the resistance of the conductors 
in which they flow, so it is imperative that no eddy currents are allowed to form in 
the cooled internal structures of the magnet system, where time constants can be 
several seconds. To counteract this problem, Mansfield introduced the concept of 
actively shielded gradient coils [8] which again contain a second counter-wound set 

A.M. Blamire



223

of windings on a co-axial former surrounding the main gradient coils. Typically 
active shielding of the gradient coils reduces eddy currents to below 1 % of the 
equivalent unshielded design. A commercial gradient system (un-mounted from the 
magnet) is shown in Fig. 7.10.

Image resolution Δr is determined by the maximum gradient strength which can 
be established across the sample during detection of the MRI signal. The precise 
relationship is defined by the expression

 

∆r
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(7.10)

where Gr(t′) is the time-varying field applied over duration t for which the MRI 
signal is sampled.

Gradient strength is determined by the coil geometry and the current (I) passing 
through the windings. Gradient strength is inversely proportional to the coil radius 
so choice of the optimum gradient coil is dictated by the largest sample size which 
is to be imaged. The rate at which each gradient field can be switched to encode 
spatial information during the imaging sequence is determined by the self- inductance 
(L) of the coil, the applied voltage (V) and the total resistance of the system (R, from 
the coils and cabling). This can be expressed as

 
V IR L

dI

dt
= +

 
(7.11)

Fig. 7.9 Schematic diagram of the current windings for the three axes of the gradient coil. Over 
the useable volume of the scanner the windings all produce linear variations in the Z magnetic field 
(i.e. ∂Bz/∂x, ∂Bz/∂y and ∂Bz/∂z the z axis being defined along the magnet bore)
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Rapid gradient response (dI/dt) is essential for modern ultra-rapid imaging 
sequences and gradient coils are therefore designed to have low self-inductance and 
resistance and are driven at high current and high voltage. Small animal systems 
typically are driven with amplifiers supplying peak voltage of 300 V and peak cur-
rent of 200 A generating gradient fields between 400 and 1,000 mT/m depending on 
gradient coil diameter.

The final element of the gradient hardware is the cooling system. High duty cycle 
scanning leads to intense heat dissipation in the gradient coils. In the context of the 
imaging experiment this heating can alter the coil resistance changing the coil per-
formance, while in the context of the coil hardware the heating can cause damage to 
the coil windings. Water cooling systems are therefore incorporated within the coil 
structure in close thermal contact with the coil windings and supplied with chilled 
water to maintain a constant working temperature.

3.2.2  Pre-emphasis

In Sect. 3.2.1 the concept of active gradient shielding was introduced as a method to 
reduce eddy current interactions with the magnet structure. While good gradient 
design is effective in eliminating ~99 % of the stray field effects, residual eddy 

Fig. 7.10 View of a gradient coil during construction. The current paths illustrated in Fig. 7.9 are 
translated into patterns of continues arcs of copper cut from a single sheet. Sheets for each of the 
primary and secondary (shielding) windings are positioned around a glass reinforced plastic for-
mer interspersed with insulation. Shown is one of the transverse windings (X or Y), with another 
winding visible below. The whole structure is finally embedded in epoxy resin under pressure. 
Inset: View of the complete gradient coil showing connections for the three gradient coils, inte-
grated shim coils, thermometry and water cooling (courtesy of Varian Inc)
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currents are still present in the system. Gradient field strengths of 100 mT/m are not 
uncommon in small-animal scanners which amounts to a proton frequency disper-
sion [Eq. (7.7)] of 425,000 Hz/cm. The frequency stability of the scanner is measur-
able within the receiver electronics (see Sect. 3.4.3) to typically better than 0.1 Hz 
and several data acquisition methods (notably MRI spectroscopy acquisitions and 
the echo-planar imaging or EPI sequence) are sensitive to field changes of ~0.1–5 Hz. 
Therefore residual eddy currents of 1 % are still intolerable for high sensitivity 
imaging. The residual field can however be reduced significantly using the tech-
nique of pre-emphasis.

Pre-emphasis refers to the adaptation of the driving waveform such that the mag-
netic field gradient produced by the coil combined with the field produced by the 
induced eddy currents produce the true desired gradient field modulation within the 
sample (Fig. 7.11). Pre-emphasis is a function of the interaction between the indi-
vidual system components (magnet, gradient coil and RF coil) and is pre-measured 
for each configuration during system installation. The time-varying eddy currents 
are mapped for each gradient axis and decomposed into a series of exponentially 
decaying functions and amplitudes. From these parameters the gradient driving 
function is “pre-emphasized” before passing to the gradient coils.
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Fig. 7.11 Illustration showing the falling edge of a requested trapezoidal gradient waveform. 
Experimental measurement of field stability in the scanner bore following the gradient waveform 
showed time-varying eddy-current gradient fields within the magnet bore with three different time 
constants of 1.5, 13.5 and 65.5 ms. Pre-emphasis adjustment to provide a stable measured field 
required addition of time-decaying components with these time constants at −0.09, 0.75 and 
0.24 % of the requested gradient amplitude and leads to a gradient function which has a long tail 
(insert, note the much longer time scale). Also shown is the measured frequency shift in a small 
object in the scanner as a function of time after the end of the ideal gradient event, with and without 
pre-emphasis compensation
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3.3  Shims

In Sect. 3.1 we noted that the applied magnetic field Bo must be highly homoge-
neous so that the Larmor frequency is as close to uniform as possible. However, 
even if a perfect magnet design could be constructed this would not achieve optimal 
conditions. Differences in the magnetic susceptibility (χ) between air and the object 
to be scanned lead to spatial variations in the magnetic field established within the 
sample, and hence to local variations in Bo. As static field strength is increased the 
magnitude of the inhomogeneity variation increases, while the size of the object 
typically decreases (higher field systems generally have smaller bore size, Table 7.1) 
and the relative proportion of the object experiencing unacceptable field variation 
increases. This field distortion must be therefore compensated in each object which 
is scanned via a process known as magnetic field shimming.

Within the magnet bore an additional set of field profile coils (the shim coils) are 
added. The winding geometry of these coils is designed to create static fields with 
first, second and in some cases third order spatial spherical harmonic distributions 
[7, 9]. The spatial field variation can be mapped using specific data acquisition 
sequences (e.g. [10]), decomposed into their spatial harmonics and then corrected 
by driving appropriate current into each shim coil. In general shim fields are static 
fields, but in some conditions dynamic shimming to alter the field shim on a per 
collection basis can improve sensitivity [11, 12]. Shim coils can be mounted sepa-
rately within the magnet bore, but in most system designs they are incorporated 
within the gradient coils located in the space between the primary and secondary 
(screening windings), thus saving valuable free bore space.

3.4  RF System

The second major system within the MRI instrument is the radio-frequency (RF) 
chain, consisting of components to transmit the initial excitation pulse and subse-
quently detect and demodulate the returning MRI signal.

3.4.1  RF Coils

The radio-frequency coil is required to transmit the excitation pulse into the sample. 
The coil is in essence a RF antenna which has been specifically designed to deposit 
RF energy within a confined volume (rather than to radiate energy away from the coil 
as in a RF aerial). RF coil systems fall into two basic categories, (1) single transmit-
receive coils and (2) separate transmit and receive coil pairs. In either case, the basic 
coil design consists of a tuned circuit (inductance and capacitance networks with the 
main inductance formed from the coil winding) which resonates at the Larmor fre-
quency of the nucleus of interest. It is well recognized in electronic theory that reso-
nant circuits provide a scaling of the current flowing within the  circuit by the quality 
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factor Q of the coil (Q being the ratio of the resonant frequency to the half width of 
the resonance), providing increased performance when working at that resonant fre-
quency relative to an untuned circuit. Simple circuit diagrams showing the essential 
elements of the RF coil are shown in Fig. 7.12. As the electronics of the RF chain are 
designed to operate at 50 Ω impedance (resistive) the RF coil must also be matched 
to 50 Ω to maximize power transfer between the components of the RF chain.

Current flowing within the windings or conductors forming the coil generates a 
magnetic field oscillating at the driving (Larmor) frequency and it is the magnetic 
component of this near field (denoted B1) which interacts with the nuclei in the 
imaging experiment.

When a simple imaging experiment such as a “spoiled gradient recalled imag-
ing” [13] (SPGR) measurement is performed in a sample with relaxation times T1 
and using a sequence with repetition time TR, the strength of the excited MRI signal, 
S(r) arising from a location r is described by the expression
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Fig. 7.12 Basic circuit diagrams for RF coil designs. The coil conductors which produces the RF 
field form the main inductance (L1) of the system while additional tuning (CT) and matching 
capacitors (CM) complete the resonant circuit and allow the coil to be tuned to the appropriate 
scanner frequency and matched to 50 W impedance for optimum power transfer between the coil 
and rest of the system electronics. A more advanced coil design (lower) is also illustrated which 
could be used as a receive only coil within a larger volume transmit coil. Additional components 
in this design allow the coil to be detuned from the Larmor frequency via PIN diode switching. 
During RF excitation by a second coil a DC bias is supplied to the PIN diode via the RF choke 
(RFC) placing the additional inductance L2 in parallel with tuning capacitor C1 leading to an 
altered resonant frequency. During signal reception the PIN diode is off and inductance L2 no 
longer contributes to the coil resonant frequency

7 Small-Animal MRI Instrumentation



228

where ρ(r) is the density of nuclei at location r and α is the flip angle produced by 
the RF pulse [Eq. (7.4)]. Flip angle α is determined by the RF pulse duration tp and 
the local B1 field strength which can vary with position r depending on the design of 
the RF coil (see below) leading to the expression

 
α γr B r t dt

o

tp

( ) = ′( ) ′∫ 1 ,
 

(7.13)

Further, via a principle known as reciprocity [14], the sensitivity of the RF coil 
used in signal detection is proportional to the effective B1(r) distribution of that coil. 
From these two expressions it is clear the careful control of the B1 field distribution 
within the sample is essential.

In general the larger the RF coil, the lower the inherent sensitivity. (This follows 
from reciprocity since the magnetic field generated by unit current flowing in a 
larger coil structure will be less than the same current flowing in a smaller struc-
ture). Close coupling of the smallest coil system with the object being imaged pro-
vides maximal signal to noise ratio. It follows that for optimum sensitivity RF coil 
design must be tailored to the investigation or object being scanned.

Typically for body imaging a surrounding “volume” coil is used which may be 
used to both transmit and receive the MRI signals, or may be used in transmit only 
mode with a local receiver coil positioned over the target region to obtain greater 
sensitivity. A simple volume coil based on the birdcage design [15] is illustrated in 
Fig. 7.13. The birdcage design was the first MRI coil to have essentially uniform B1 
field distribution. Through appropriate distribution of capacitance around the rungs 

0°
90°

Fig. 7.13 Schematic diagram of the birdcage volume coil design. The coil is tuned to the Larmor 
frequency by adjusting the capacitance at each “rung”. Although this structure will resonate at a 
number of frequencies, the required mode occurs when a RF standing-wave of wavelength equal 
to the circumference of the end rings propogates within the structure. In this case current flow 
down each rung is distributed sinusoidally around the coil leading to a uniform magnetic field 
distribution within the active volume of the coil
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or end-rings of the structure current flow down each rung is arranged to be  sinusoidal 
in amplitude when driven at the resonant frequency, leading to constructive interfer-
ence of the field from each rung and generating the uniform B1 distribution. When 
driven from a single location on the end-ring (linear drive), current flow around the 
structure can be in either direction, generating two counter rotating B1 fields, only 
one of which couples to the sample nuclei. However, by driving the coil from two 
locations 90° apart and with signal phase also separated by 90° (in quadrature, 
Fig. 7.13) a single rotating field is produced, providing a factor of 2 in power per-
formance for RF pulse transmission. In receive mode, the precessing magnetization 
inductively couples to the coil structure and in the case of the quadrature design is 
coherently detected through both channels. Although the signal source is coherent, 
noise is incoherent and quadrature combination of the two channels leads to a √2 
improvement in signal to noise ratio compared to linear mode reception.

Surface coils and phased array coils. When the volume to be imaged is superficial 
and is limited in lateral extent (for example if investigating a subcutaneous tumor 
where the precise location is known, or for brain imaging investigations) then alter-
native coils termed surface coils can be employed to give high sensitivity images. A 
surface coil consists of an approximately planar coil configuration which is posi-
tioned adjacent to the area of interest [16]. The theoretical B1 field distribution [17] 
for one such a coil consisting of a single circular loop is illustrated in Fig. 7.14. It 
can be seen that the strongest B1 field is produced close to the loop and falls away 

Fig. 7.14 Theoretical and experimental images showing the received signal from individual coil 
elements of a phased array coil and the image created by mathematical combination of the signal 
from the individual elements. Lower left: Theoretical B1 field variation with distance from the 
plane of a single circular loop surface coil. Upper left: Contour plots of the theoretical B1 profiles 
for a phased array surface coil pair overlaid on schematic of a test object. Upper right: Experimental 
data showing individual images reconstructed from signals received through each independent 
receiver coil. Lower right: Quadrature combination of the signals from the two coils (left) and 
SENSE reconstruction of the signals using a sensitivity reference scan (right)
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rapidly with distance from the coil. By reciprocity the imaging sensitivity is also 
maximal close to the coil. Surface coils can also be designed to work as quadrature 
systems using two uncoupled, angled and overlapping coils. Although true quadra-
ture coils require perfectly orthogonal B1 fields, which can never be produced from 
the field distribution from a planar structure, a focused area of the B1 field from the 
quadrature surface coil does meet this criteria and signal from that region of the 
sample does benefit from quadrature signal to noise ratio (SNR) improvement.

The concept of surface coils was developed further for clinical MRI applications 
by the introduction of phased-array RF coils by Roemer in 1990 [18]. This coil 
design uses an array of overlapping but electrically uncoupled surface coils each 
connected to its own complete receiver channel (Fig. 7.15). Individually each coil 
element provides the high sensitivity expected from the small loop coil with the 
associated limited field of view, but the data from the whole array can be combined 
to provide a much greater total imaging field of view (Fig. 7.14). Volume coils can 
be also constructed using similar principles by positioning the array of smaller coil 
elements around a cylindrical former. Multi-element array coils are most often used 
as “receive only” coils in conjunction with a separate surround volume coil which 
provides uniform RF excitation. In this configuration the transmit and receive coils 
must be electrically uncoupled for maximum performance and most importantly to 
prevent the high power excitation pulse from entering the high sensitivity RF 
receiver chain. Coil system are therefore actively uncoupled using PIN diode 
switches to tune or detune each coil [19], (Fig. 7.12).
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Fig. 7.15 Schematic diagram of a phased array coil system
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The engineering challenge in constructing separate transmit and multi-element 
receive array coils structures at small scale into devices for small animal MRI has 
recently been addressed (Fig. 7.16).

Cryocooled Coils. The sensitivity of the scanner hardware can be quantified in term 
of the signal to noise ratio of the acquired images. As we have discussed above, the 
signal strength depends on many factors including static field strength, the amount 
of magnetization within the active volume of the RF coil, the RF coil size and geom-
etry. Likewise, noise within the image dataset (the random fluctuations seen on top 
of the image) has several potential source; noise arising within the object being 
scanned and coupled into the RF coil, electronic noise generated within the RF coil 
itself, and electronic noise generated downstream of the RF coil in the receiver elec-
tronics (see below). In a well designed system this latter source is small. The source 
of electronic or “Johnson”, “Nyquist” or simply “thermal” noise is attributed to the 
chaotic motion of electrons within any components giving resistance to the circuit. 
This thermal noise N can be expressed by

 N KTR∝ 4  (7.14)

where R is the electronic resistance and T the temperature of the electronic circuitry 
or coil (K is the Boltzmann constant). Electronic noise originating in the RF coil 
components can therefore be reduced by cooling the coil structure. Cryocooled coils 
are common in chemistry applications of NMR and are becoming available for in 
vivo use based on both helium and nitrogen refrigeration systems (Fig. 7.17). Design 
of cryocooled coils for animal imaging requires careful insulation of the cold com-
ponents from the animal which necessarily increases coil size and hence the separa-
tion between the coil and the animal. There is therefore a trade-off between lowering 
noise and lowering signal.

Fig. 7.16 Commercially available surface coil array for neuroimaging. The internal coil elements 
can be seen through the housing (courtesy of Bruker Biospin Ltd)
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3.4.2  RF Generation System

The RF pulse applied to excite the MRI signal is generally a complex amplitude and 
phase modulated pulse whose characteristics determine the precise nature of the 
excitation such as the profile of the selected slice. The pulse waveform is generated 
by a dedicated processor board in the spectrometer console. The basic pulse fre-
quency must match the Larmor condition for the imaging slice of interest [Eq. (7.7)]. 
This process is performed by direct digital synthesis of the amplitude modulated 
pulse which is then shifted in frequency to the desired carrier signal produced by a 
highly stable synthesizer (e.g. PTS, Fig. 7.18). The final pulse shape is then fed to a 
high power (typically ~1 kW) linear amplifier which drives the RF coil. Since the RF 
pulse is an intense burst of energy with peak powers of many hundreds of Watts, the 
receiver electronics is “blanked” to prevent penetration into the high gain pre-ampli-
fiers used to detect the micro-milliWatt MRI signal returning from the sample.

3.4.3  Receiver System

The receiver system is illustrated schematically in Fig. 7.19. The system begins with 
the receiver RF coil collecting the MRI signal from the precessing magnetization. 
This is fed directly to a high gain, low noise pre-amplifier which is often integral to 

Fig. 7.17 Illustration showing a commercial cryo-cooled RF coil and illustrating the improvement 
in image quality which can be obtained by cooling the coil structure and associated pre-amplifier. 
Images were collected under identical conditions using a RARE sequence, eight echoes; TR/TE: 
5,000/53 ms, 1 mm slice thickness and in-plane resolution of 40 μm × 40 μm (courtesy of Bruker 
Biospin Ltd)
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the RF coil. Amplification of the weak MRI signal at this earliest stage minimizes 
the potential for contamination by external noise sources. The RF signal is then 
demodulated down to the audio frequency range and split into a complex signal 
using a pair of phase sensitive detectors. Finally the two channels of the complex 
signal are digitized and stored in spectrometer memory before being saved to disk. 
Signals are filtered to eliminate noise from outside of the sampled signal bandwidth 
which may be performed using analogue filtering prior to sampling or digital filtering 
of the sampled signal.

3.4.4  Specific Absorption Rate

It is clear from the discussion above that significant amounts of RF energy may be 
applied to the sample, the majority of which will be absorbed by the tissue. This RF 
energy has the potential to raise tissue temperature which can lead to alterations in 
tissue physiology and in extreme cases RF burns. In clinical MRI scanners RF 
energy (or specific absorption rate, SAR) is closely monitored (both by calculation 
of the requested RF power and by experimental monitoring of RF output) and must 
remain below stringent legal requirements. SAR levels are defined in terms of local 
and global heating effects such that temperature rises of no more than 1 °C can be 
induced in patients [6]. Similar requirements are not so rigidly enforced in small 
animal MRI and many instruments do not contain the same RF monitoring circuitry 
found in their clinical counterparts. However, careful assessment of SAR is still 
essential as part of rigorous scientific practice.

Linear 
RF
Amp

Blank

Detune/Tune
Digital Pulse
Waveform
Generator

Frequency
Synthesiser

×

Fig. 7.18 Schematic of a typical RF transmission stage for a high field MRI scanner. The basic 
amplitude and phase characteristics of the required pulse are generated in digital form by the RF 
pulse waveform controller before being combined with a carrier signal at the required Larmor 
frequency
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3.5  Data Reconstruction

The sampled MRI data consists of time-varying signals whose frequency compo-
nents are determined by the spatial water distribution and the applied spatial encod-
ing gradient [Eq. (7.7)]. The generalized expression describing the MRI signal is 
given by
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Fig. 7.19 Schematics of RF receiver systems for a high field MRI scanner. Upper: Traditional 
design based on analogue circuitry. The weak MRI signal is detected in the RF coil and immedi-
ately amplified using a low noise preamplifier circuit. The RF signal is then demodulated down to 
the audio frequency range and split into a complex signal using a pair of phase sensitive detectors. 
Signals are filtered to eliminate noise from outside of the desired signal bandwidth using analogue 
filtering prior to sampling. Finally the two channels of the complex signal are digitised and stored 
in spectrometer memory before being saved to disk. Lower: Digital design. The pre-amplified 
signal is mixed down to an intermediate frequency still in the 10 s of MHz range before being 
directly sampled at high bandwidth (e.g. 80 MHz). Digital filtering is applied to achieved the nor-
mal quadrature signal
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Ignoring relaxation and demodulating the signal from the basic Larmor  frequency 
simplifies this expression to
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The gradient-time integral can be combined [20, 21] to introduce the term

 
k G t dtr

t

r= ′( ) ′∫
0

γ
 

(7.17)

to describe the effect of gradient modulation, which further simplifies Eq. (7.16) to

 
S t M r ik r drxy r( ) = ( ) −( )∫ exp .

  
(7.18)

indicating that the time varying signal is simply the Fourier transformation of the 
spatial magnetization distribution measured along the direction of the applied mag-
netic field gradient Gr. Recovering the image is a simple matter of Fourier transfor-
mation (in one, two or three dimensions depending on the nature of the imaging 
sequence used).

Modern PCs have sufficiently fast processing speed that fast Fourier transforma-
tion can be performed by the console computer without the need for dedicated pro-
cessing systems.

4  Advanced MRI Methods and Instrumentation 
for Molecular Imaging

So far we have described the generic instrumentation for MRI which measures the 
abundant proton signal from water molecules. While the anatomical images created 
by conventional MRI provide useful detail on tissue structure they do not achieve 
the goal of molecular imaging to provide information on the distribution of cellular 
and metabolic processes in vivo. With additional advanced instrumentation and the 
use of nuclei other than the proton, magnetic resonance can also contribute directly 
to molecular imaging.

4.1  Non-proton Techniques

Many (but not all) nuclei exhibit the phenomenon of nuclear magnetic resonance 
and can in theory be used in molecular or metabolic imaging studies. Key nuclei 
which have been used in biological investigations are given in Table 7.2, together 
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with indications of their relative sensitivity (relative to the proton used in 
 conventional MRI), MRI characteristics, and natural abundance.

It is clear that all nuclei have lower sensitivity than the proton, although fluorine-
 19 has almost the same NMR sensitivity. The low sensitivity of these nuclei provide 
a challenge in terms of the concentration which must be present in the tissue for 
detection above background noise. Since MRI sensitivity depends on the concentra-
tion within the sampled region, one method to overcome low concentration is to 
simply sample much larger tissue volumes. (In proton MRI on high field animal 
scanners image pixels may represent tissue volumes of dimension 50 μm, whereas 
pixels for nuclei such as 31P or 13C will be several mm in dimension.) It is natural to 
then ask what is the attraction of working with such low sensitivity nuclei?

4.1.1  Spectroscopy Versus Imaging

The answer to this question lies in some of the earliest observations of the NMR 
phenomenon which underpin the field of chemical analysis by NMR. The Larmor 
frequency of a nucleus within a molecular environment is partially screened from 
the applied magnetic field by its electrons. The density of electrons associated with 
the nucleus depends on the nature of the chemical bond formed within the molecule, 
such that small variations in the Larmor frequency can be detected between differ-
ing molecular groups (known as the chemical shift). Using magnetic resonance 
spectroscopy (MRS) sequences the precessing magnetization is detected in the 
absence of any spatial encoding gradients allowing the frequency distribution due to 
chemical shift to be measured. Fourier transformation of the MRI signal now yields 
a spectrum rather than an image.

Carbon-13 has the advantage of low natural abundance which allows infusion of 
13C enriched compounds to be detected. Importantly metabolism of such infused 
compounds can be followed entirely non-invasively as breakdown of the original 
compound, and transfer of the 13C atoms to other molecules can be seen via enhance-
ment of the peaks at varying chemical shift [22–24]. Fluorine-19 and lithium (-6 or 
-7) have zero background concentration in vivo and so their detection can be 
uniquely attribute to infused labelled compounds or cells [25–27].

Table 7.2 Important nuclei for MRI and spectroscopy applications in vivo

Nucleus Isotope
Natural 
abundance (%)

Magnetogyric ratio 
(×107 rad s−1 T−1) Relative sensitivity (to 1H)

Lithium 7Li 92.4 10.398 6.52 × 10−4

Carbon 13C  1.07  6.728 1.76 × 10−4

Fluorine 19F 100 25.162 8.33 × 10−1

Sodium 23Na 100  7.081 9.27 × 10−2

Phosphorus 31P 100 10.839 6.65 × 10−2

Note that all are stable isotopes. Imaging sensitivity is calculated by multiplying NMR sensitivity 
γ3I(I + 1) by natural abundance assuming for equimolar concentrations of each nucleus. To obtain 
imaging sensitivity, relative sensitivity must be scaled by expected tissue concentration
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4.1.2 RF Systems for Non-proton Methods

From Table 7.2 we note that the magnetogyric ratio of each nuclei is different and 
so the Larmor frequency also varies with nucleus. MRI instrumentation must reflect 
these differences if nuclei other than proton are to be detected. The RF chain of the 
entire spectrometer—RF coils, RF amplifier and receiver—must be retuned to the 
new nucleus. Typically this requires the MRI spectrometer to be equipped with a 
second complete broadband RF system.

4.2  Hyperpolarization

In Sect. 3.1.1 it was noted that the strength of the MRI signal is determined by the 
bulk magnetization of the sample when placed in the main field Bo. Equation (7.8) 
showed that the number of nuclei in each available energy level is almost equal, 
even at very high static fields. Increasing the difference in occupancy in the energy 
levels can be achieved using the techniques of hyperpolarization which create large 
increases in magnetization and which have largely been applied to date in 13C nuclei. 
Two broad categories of hyperpolarization method have been developed known 
respectively as dynamic nuclear polarization (DNP) and parahydrogen induced 
polarization (PHIP). These methods cannot be applied directly in vivo and as such 
require additional instrumentation to the basic MRI scanner, but they can however 
be used to increase the polarization of substrate compounds which can be injected 
into the animal as high sensitivity probes, in a analogous way to positron emission 
tomography (PET) probes.

4.2.1 Dynamic Nuclear Polarization (DNP)

The technique of dynamic nuclear polarization (DNP) enhances nuclear magnetiza-
tion by transferring the polarization of the spin state of unpaired electrons into 
polarization of the nuclear spin states. Successful experiments using this technology 
for solution state NMR [28] and subsequently MRI [29] led to introduction of com-
mercial instrumentation for DNP in 2005.

The DNP process is a complex multi-stage method. Initially the compound to be 
polarized is mixed with a trityl radical (as the source of unpaired electrons) and 
appropriate solvents such that the mixture will form a glass when frozen. The mix-
ture is cooled in liquid helium under vacuum to less than 4 K, placed in a magnetic 
field (typically ~3.35 T) and irradiated with microwaves (typically at 94 GHz), 
which transfers electron polarization to the nucleus. Build-up of nuclear polariza-
tion occurs exponentially with a time constant of hundreds to thousands of seconds 
and consequently total irradiation time can be many hours to reach maximal polar-
ization. When polarization is complete the sample is raised out of the helium bath 
but maintained in the magnetic field while it is rapidly thawed by injection of a 
pressurized hot solvent.
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4.2.2 Parahydrogen

A full description of the technique of parahydrogen induced polarization is beyond 
the scope of this chapter and has been reviewed elsewhere [30]. However, a brief 
summary is worthwhile as an introduction to this subject. As we have noted above 
(Sect. 2.1) the proton has spin states α and β which are associated with the two 
energy levels of the nucleus when in the polarizing MRI field. Parahydrogen is a 
form of molecular hydrogen gas in which the two hydrogen nuclei have opposing 
spin states either αβ or βα. If a molecule of interest is subject to a hydrogenation 
reaction with parahydrogen, the resulting population of only certain energy levels 
of the resulting compound are significantly enhanced, leading to enhanced effec-
tive polarization of the sample. Parahydrogen is present naturally in molecular 
hydrogen at approximately 25 % at room temperature. The proportion of parahy-
drogen increases as the gas temperature is decreased (approximately 50 % of 
molecular gas is in the parahydrogen form at 77 K) but can also be significantly 
enhanced by passing the gas through a catalyst such as charcoal to prepare parahy-
drogen for reaction. Equipment and techniques for performing parahydrogen based 
MRI experiments of biomolecules have been described [31] and in vivo experi-
ments have been performed [32]. While early experiments using parahydrogen 
required chemical hydrogenation of the biomolecule of interest, recent advances 
have shown that coordination of the biomolecule with parahydrogen via a catalyst 
but without direct chemical interaction can also achieve significant hyperpolariza-
tion [33]. These developing techniques of PHIP are simple, quick and cheaper to 
perform that DNP experiments, although no direct comparisons of efficiency are 
yet published.

In vivo applications of hyperpolarization techniques are still in their infancy but 
are being developed at a rapid pace and are already beginning to have a major 
impact on small animal molecular and cellular imaging studies by MRI.

5  Summary

The MRI spectrometer is a complex but highly versatile instrument offering the 
widest range of possibilities of all non-invasive scanning techniques. Many instru-
ment configurations are possible depending on the precise nature of the imaging 
experiment to be conducted. The optimal configuration for any in vivo MRI mea-
surement depends on careful selection of the most appropriate gradient and RF coil 
hardware.
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1  Introduction

Molecular imaging, especially small-animal preclinical molecular imaging, is a  rapidly 
developing area in the biomedical imaging field [1–3]. Given tremendous needs in 
biological research and drug development, it becomes imperative to have in vivo imag-
ing strategies for gene expression, protein interactions, and cell behaviours [4]. 
Molecular imaging has been demonstrated to be instrumental or promising in observ-
ing all these biological processes at the cellular and molecular levels. Since optical 
labelling methods with probes based on fluorescence and bioluminescence have been 
extensively applied in vitro, it was natural to transfer corresponding strategies to in 
vivo settings, and there have been successful over the past several years [1, 5].

Currently, planar imaging methods are the most popular in various in vivo appli-
cations because of their ease of operation, high sensitivity, high throughput, low 
cost and non-ionizing nature [2]. Fluorescence imaging strategies require external 
illumination [6], and their sensitivity is affected by tissue autofluorescence and illu-
mination leakage. On the other hand, bioluminescent probes, such as luciferase 
enzymes, are more suitable for in vivo gene encoded imaging, more sensitive than 
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fluorescent probes, and have made bioluminescence imaging a powerful optical 
molecular imaging tool complementary to fluorescence imaging [5]. The probes 
used in autoluminescence/bioluminescence imaging are not confined to biochemi-
cal enzyme reactions. Recently, several different types of autoluminescent probes 
were developed to enrich the probe library. To enable 3D visualization and quantita-
tive analyses, tomographic imaging methods were proposed, including fluorescence 
molecular tomography (FMT) [7] and bioluminescence tomography (BLT) [8]. The 
commercial instruments and laboratory prototypes have all shown the tomographic 
potential compared with their planar counterparts [1, 9].

In this chapter, we review the state of art of optical molecular imaging. Given the 
availability of excellent reviews on fluorescence imaging such as that by Ntziachristos 
[6], this review will be largely focused on bioluminescence imaging, with relatively 
brief mentions of fluorescence imaging related issues as appropriate. First, we detail 
the latest progress in probes and discuss planar optical molecular imaging. Then, in a 
comprehensive fashion we describe bioluminescence tomography, covering instru-
ment design, multimodality fusion and tomographic reconstruction, along with dis-
cussions on fluorescence molecular tomography. Finally, we highlight important 
biomedical applications with bioluminescence and fluorescence imaging.

2  Optical Probes

2.1  Bioluminescent Probes

2.1.1  Classic Bioluminescent Probes

Optical probes/reporters are a prerequisite for bioluminescence/autoluminescence 
imaging. Some living organisms, especially marine vertebrates and invertebrates, 
naturally emit bioluminescence [12], generated by specific enzymes and corre-
sponding substrates when oxygen and ATP co-exist. Each of these photolumines-
cent enzymatic reaction products has unique spectral characteristics. The responsible 
genetic fragment can be exacted and engineered as a bioluminescent probe. When 
coupled to the experimental regulatory elements, the genetic fragment will drive 
enzyme expression in a pattern representing the typical expression of the experimen-
tal gene. Four types of enzymes from firefly (FLuc), click beetle (CBGr68, CBRed) 
and Renilla reniformins (hRLuc) (Fig. 8.1a) have been widely used so far [10]. 
Because of the optical window for biological tissues [13], Fluc and CBRed are more 
suitable for small animal imaging. However, in more sophisticated studies, it is 
 necessary to observe several biological targets simultaneously for better understand-
ing of systems biology. In these scenarios, multiple bioluminescent probes with dif-
ferent spectral peaks are desirable. The photons emitted at each signal wavelength 
can be detected using a highly sensitive detector coupled with band-pass  filters. 
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Thus, the library of bioluminescent probes needs to be constantly enhanced. A series 
of enzymes with different spectral peaks (Fig. 8.1b) were obtained via genetic 
 mutation [11]. More probes of this type will emerge in the future.

2.1.2  BRET-Based Probes

Fluorescence resonance energy transfer (FRET) [15] is realized by the energy trans-
fer from a donor to an acceptor chromophore. In microscopy imaging, it is a useful 
tool to observe molecular dynamics, especially protein–protein interactions and 
 protein–DNA interactions. However, tissue autofluorescence significantly compro-
mises the performance of small animal FRET imaging. In organisms that are not 
naturally bioluminescent, spontaneous bioluminescent signal is much lower than 
levels of autofluorescence. Thus, bioluminescence resonance energy transfer 
(BRET), a complementary technique to FRET, realizes optically labeled detection 
without external excitation [14]. In this strategy, a bioluminescent luciferase (generally 
firefly or Renilla luciferase) is used to provide energy rather than an external fluores-
cent source. Figure 8.2 shows the schematic that a quantum dot covalently coupled 
to Luc8 emits photons after receiving the energy from the latter. The application of 
BRET-based probes further extends the range of bioluminescence imaging.

2.1.3  Radioactive Isotope-Based Probes

Cerenkov radiation is a type of electromagnetic radiation that generates visible light 
when a charged particle travels through an electrically insulating material with a 
speed greater than the speed of light in the same medium. Many high energy iso-
topes may generate Cerenkov radiation. High-energy positron emitters, such as 14C, 
18F, 32P, used in positron emission tomography (PET), have potential to induce 
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Fig. 8.1 Spectra of four classic bioluminescent probes (a) and a series of bioluminescent probes 
obtained via genetic mutation (b) (reproduced from [10, 11] with permission)
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Cerenkov radiation in biological tissues [17]. Recently, the possibility of in vivo 
mouse Cerenkov luminescence imaging (Fig. 8.3) was demonstrated [16]. With the 
development of optical imaging techniques, Cerenkov luminescence imaging can 
be done at lower cost than scintillator-based positron imaging systems. Cerenkov 
luminescence imaging provides an alternative for radiotracer detection in small 
 animal models. Hence, radioactive isotopes can serve as autoluminescent probes, 
similar to bioluminescent probes.

Fig. 8.2 BRET-based probes. A quantum dot is covalently coupled to a BRET donor, Luc8, and 
emits photons. The spectral peaks of Luc8 and the quantum dot are 480 and 655 nm respectively 
(reproduced from [14] with permission)
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Fig. 8.3 Cerenkov luminescence imaging. Optical imaging of a mouse bearing a CWR22-RV1 
xenograft is performed after injecting 270 μCi FDG (reproduced from [16] with permission)
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2.2  Fluorescent Probes

A major advantage of gene-encoded optical probes is that the optical signal increases 
with cell division. This type of signal is very useful to observe tumor occurrence and 
metastasis. A few gene-encoded fluorescent probes are already available. Green 
fluorescent protein (GFP) obtained from the jellyfish Aequorea victoria and its vari-
ants are commonly used in fluorescence imaging [18]. However, the emission spec-
tral peak of GFP is around 509 nm. Due to the high absorption of biological tissues 
in this wavelength and tissue autofluorescence, it is difficult to detect weak emission 
signals in small animal fluorescence imaging. Recently, infrared-fluorescence pro-
tein was developed, whose emission spectral peak is around 708 nm, significantly 
improving fluorescence molecular imaging at the whole-body small animal level 
[19]. Most other fluorescent probes are fluorochromes. Based on their labeling func-
tions, they are classified into active (like radioactive probes) and activatable 
(quenchable) probes [6]. When the number and types of fluorescent probes are 
increased, there will be more preclinical and clinical applications in the future.

3  Planar Optical Molecular Imaging

3.1  Planar Bioluminescence Imaging

3.1.1  Signal Detection

Bioluminescent probes can be used to label biological targets of interest. The pho-
tons emitted by bioluminescent probes inside a small animal body can be externally 
detected since they may propagate through biological tissue and reach the surface. 
Planar bioluminescence/autoluminescence imaging can be realized by collecting 
escaped photons. Due to the high absorption characteristics of biological tissues, the 
detectable optical signals are very weak. It is pivotal to select suitable detectors for 
data acquisition with high signal sensitivity and high spatial resolution. Conventional 
optical detector types include photomultiplier (PMT), avalanche photodiode (APD), 
and charge-coupled devices (CCD) [20]. PMT devices have very high gain (typi-
cally 106–107), but their quantum efficient (QE) is very low (typically less than 
10 %) when the wavelength is beyond 600 nm. Although PMT arrays, such as 
multi-anode PMT, are available to acquire images, the pixel sizes of PMT arrays are 
large, not suitable for high resolution optical detection. APD has higher quantum 
efficiency (typically 60–80 % at 600–800 nm) and lower gain than PMT. The devel-
opment of integrating APD technology is slow and usually used in single photon 
counting. Clearly, CCD is the method of choice for bioluminescence imaging. The 
QE of the back-illuminated integrated CCD is beyond 80 % at 500–800 nm and is 
higher than front-illuminated counterpart [21]. In terms of the signal-to-noise ratio 
(SNR), the integrating CCD is better in the case of low photon rates than the 

8 Preclinical Optical Molecular Imaging



246

intensified CCD. When the working temperature is decreased to −100 °C using 
liquid nitrogen or Peltier thermoelectric cooling device, the dark current noise of the 
integrating CCD can be effectively controlled. With an optical coupling system of  
a low f-number, photons emitted from ~500 tumor cells ~0.5 mm under the skin of a 
mouse can be sensed with a decent SNR, showing the high sensitivity of the back- 
illuminated integrating CCD-based detection system [21].

3.1.2  Photometric Calibration

Over a suitable exposure time, a photon distribution can be acquired from the body 
surface of a small animal. However, a number of factors determine a bioluminescent 
view as directly recorded by a CCD camera. As a result, this bioluminescent view 
does not precisely reflect the actual photon distribution on the body surface. A lens 
system usually distorts the acquired images. Because more photons are collected at 
the center of the field of view (FOV) than are acquired peripherally, a technique known 
as flat fielding is performed to correct light intensities across the FOV, typically utiliz-
ing a uniform area source. Background noise is another important factor in the imag-
ing process. The conventional method is to subtract a background image from an 
acquired bioluminescent view, using the same exposure time. Additionally, bias noise 
from data readout and isolated “hot” pixels are removed in the calibration process. 
Finally, data rebinning is often used as appropriate to improve SNR substantially.

How should the calibrated images be expressed in physical units? It is evident 
that the pixel values of the calibrated images do not directly tell how many photons 
are involved. Nevertheless, a key goal of molecular imaging is to objectively mea-
sure biological activities and treatment responses of the same animal over time. 
Therefore, we must find a physically-oriented reference framework independent of 
optical imaging instruments to compare the research results. To address this issue, a 
relationship between the pixel reading and its photometric value can be established 
using an absolutely calibrated integrating sphere [21]. For that purpose, portable 
calibration devices are available [22].

3.1.3  Anatomical Registration

In planar bioluminescence imaging, the anatomical correspondence cannot be easily 
established only based on the photon distribution on the body surface of a small 
animal. Hence, it becomes natural to combine a bioluminescent view and a photo-
graph of a small animal in planar bioluminescence imaging [21]. Because the biolu-
minescent view and the photograph are obtained using the same camera when fixing 
the mouse, co-registration of the two images is straightforward (Fig. 8.4a). In order 
to localize optically labeled biological objects, information on internal anatomical 
structures is necessary. Thus, an in vivo optical imaging system combined with ana-
tomical X-ray imaging was developed. In this system, the scintillator is used to 
transduce X-rays to visible light. The capture of X-ray and optical signals using the 
same camera facilitates the registration and reduces the equipment cost (Fig. 8.4b).
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X-ray imaging is a form of ionizing radiation but it is particularly good at reveal-
ing bony structures and air-tissue interfaces. Recently, an all-optical anatomic imag-
ing method was invented [23]. It utilizes the differences of the in vivo bio-distribution 
dynamics of the dye in different organs of small animals to acquire the anatomical 
information. The corresponding commercial system has become available [24].

3.2  Planar Fluorescence Imaging

In vivo fluorescence microscopic imaging is a popular tool for subsurface imaging 
of biological tissues. Typical imaging methods include confocal, two-photon and 
multi-photon microscopies [25–27]. These imaging methods can obtain high reso-
lution (submicron to several microns) at a shallow depth (several hundred microns). 
Recently, using endoscopic methods, images can be acquired at deep depths while 
keeping the same lateral spatial resolution [28].

Generally speaking, planar fluorescence imaging is implemented using the 
 macroscopic imaging methods. Currently, two types of planar imaging are usually 
used, that is, epi-illumination imaging [29–34] and transillumination imaging [35–37]. 
Epi-illumination imaging is also referred to as fluorescence reflectance imaging, 

Fig. 8.4 Image registration of mice between bioluminescence images and a photograph (a) or a 
radiograph (b) of mice, respectively [reproduced from Caliper Life Sciences (Hopkinton, MA, USA) 
with permission]
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since the fluorescence emission signals are detected from the same side of the  
illumination. A sophisticated detection design is necessary to remove reflected illu-
minating signals for detection of a small amount of fluorescent probes at a deep 
[38]. Transillumination imaging is realized by placing the illumination and detec-
tion devices on the opposite sides of a small animal. Due to the high absorption of 
tissue, transillumination imaging is suitable at longer wavelengths, such as 650–900 
nm. Quantitative information of fluorescent probes cannot be generally obtained 
because of the unknown nonlinear dependence of the detected signal on the source 
depth. In transillumination imaging, improved contrast can be gained using post- 
processing techniques, such as normalization of transmission data [39].

4  Multi-Modality for Optical Molecular Tomography

Planar optical molecular imaging is only able to map the photon distribution on the 
body surface of a small animal. Then, the changes of the observed biological objects 
can be roughly inferred aided by projective anatomical information. The complexity 
of in vivo biological tissues makes it too imprecise to meet the quantitative require-
ments demanded by sophisticated studies in systems biology and molecular medi-
cine [40]. In contrast, bioluminescence tomography (BLT) is an emerging and 
promising molecular imaging technology that aims to reconstruct a 3D biolumines-
cent source distribution reflecting the concentration of bioluminescent cells in a 
living mouse from external views around the animal. Similar to the development of 
X-ray CT after planar radiography, BLT allows a localized and quantitative analysis 
of bioluminescent source/probe distributions while existing planar bioluminescent 
imaging is primarily qualitative.

In CT, we may assume X-rays propagate in biological tissues along straight 
paths, although scattering correction needs to be performed to improve image quality. 
In optical imaging, almost all the photons are scattered by biological tissues in 
highly zigzag patterns. Hence, BLT is much more difficult than CT in terms of 
tomographic reconstruction [9]. To enable BLT reconstruction, the multi-modality 
fusion approach is necessary to collect all available information and reconstruct an 
underlying bioluminescent source distribution. Furthermore, various imaging 
modalities rely on different physical contrast mechanisms, and images from inde-
pendent sources are complementary to each other.

4.1  Multi-Modality Fusion for Bioluminescence Tomography

To reconstruct tomographic images of an underlying bioluminescent source distribu-
tion within a small animal, three types of a priori information were used: anatomical 
information of an individual small animal (at least topographical information for 
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atlas-based elastic registration) [41–43], corresponding tissue optical properties [42], 
and spectrally-resolved measurements on the body surface of the small animal  
[42–47]. Clearly, multimodality BLT reconstruction is intimately related to the 
acquirement of detailed a priori information (Fig. 8.5).

4.1.1  Geometrical Modeling

To obtain anatomical information, a simple method is to acquire the surface topol-
ogy of a small animal [44]. This method is sufficient if we consider an in vivo small 
animal optically homogeneous. However, in BLT studies, it has been shown that the 
assumption of a homogeneous optical background is inadequate, especially for 
deeper bioluminescent sources [41, 42]. It is necessary to consider an in vivo small 
animal as an optically heterogeneous object. It has been reported that the optical 
properties especially absorption of biological tissues depend to a large degree on the 
resident concentrations of oxy-haemoglobin (HbO), deoxy-haemoglobin (HHb) 
and water [48]. Although these concentrations vary significantly in different organs 
of small animals, we may assume that the concentrations are uniform in the same 
organ or tissue structure. Anatomical imaging modalities such as CT, MRI, ultra-
sound and so on can be used to define a geometrical model of a small animal. Due 
to the easy realization and low cost of CT, it was first used to realize multimodality 
tomographic optical imaging. However, a major disadvantage of CT is that it cannot 

Fig. 8.5 Multi-modality fusion approach for BLT with anatomical a priori information from 
micro-CT [reproduced from the Optical Molecular Imaging Laboratory (Virginia Tech, USA) with 
permission]
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distinguish the soft tissues well. It becomes difficult to delineate the organs with 
segmentation methods. MRI is an alternative due to its predominant soft tissue 
imaging ability. As an approximate and cost-effective option, several digital mouse 
atlases were established using MRI or cryo-section images [49, 50]. These can be 
elastically matched to individualized topographic surfaces of small animals, and 
used for BLT reconstruction.

4.1.2  Optical Characterization

The aforementioned anatomical imaging process gives us a high-quality geometri-
cal model of a small animal. Then, optical properties of the small animal must be 
mapped onto the geometrical model to build the complete forward imaging model. 
Through in vivo tissue sampling, the absorption and reduced scattering coefficients 
of biological tissues can be optically obtained. The reflectance imaging techniques 
are also used to determine the optical properties using an in vivo mouse [51]. 
Another attractive method is diffusive optical tomography (DOT) [52]. Because the 
spectra of HbO and HHb differ markedly at visible and near-infrared (NIR) wave-
lengths, DOT techniques were originally developed to acquire this type of informa-
tion and produce spatially resolved images in terms of absorption and/or scattering 
properties of tissues, or relevant physiological parameters. When DOT is applied in 
multi-modality BLT, it can provide the optical properties of tissues. When applied 
to interpretation of anatomical information of small animals, DOT can significantly 
improve the accuracy of the acquired optical properties [53].

Since the tissue absorption coefficient is subject to more changes depending on 
the wavelength than the scattering property, photoacoustic tomography (PAT), tar-
geting the tissue absorption coefficient, becomes another promising imaging modal-
ity [54]. The physical principle of PAT is that acoustic waves are generated when the 
tissue absorbs pulsed optical energy (typically, laser pulses of several nanoseconds 
in period). Ultrasound scattering in biological tissues is usually lower than optical 
scattering. Therefore, PAT can achieve higher spatial resolution than DOT. However, 
PAT requires water immersion of the animal, which is inconvenient [55].

4.1.3  Temperature Modulation

A temperature-modulated BLT approach [56] is based on the temperature- dependent 
spectral shifts of some classic bioluminescent probes (Fig. 8.6a). A focused ultra-
sound array can heat small regions containing the bioluminescent probe (Fig. 8.6b). 
The detectable change in the optical signal can improve the BLT reconstruction 
quality. In this method, temperature monitoring is critical. MRI has the ability of 
detecting the 3D temperature distribution in vivo, thus suggesting MRI-based 
temperature- modulated BLT. Since photoacoustic tomography also performs ther-
mal imaging [57], it might become an alternative in this context.
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4.2  Multi-Modality Fusion for Fluorescence Molecular 
Tomography

The acquisition of anatomical structures and optical properties applied in biolumi-
nescence tomography are also suitable for fluorescence molecular tomography 
[58–62]. Similar to bioluminescence tomography, when combining nuclear imaging 
and fluorescence molecular tomography, improved imaging quality can be obtained 
[63, 64]. With photoacoustic tomography, optical characterization may be better 
performed for fluorescence tomography, and moreover absorption characteristics of 
fluorescent probes could be extracted as well, at least when an animal is small or the 
depth is shallow [65].

5  System Architecture

5.1  System Architecture for Bioluminescence Tomography

5.1.1  Multi-View Configurations

The conventional detection system with a CCD camera works in one single view 
mode [21]. At the initial stage of the BLT system development, a rotated stage fixing 
the phantom or mouse realizes noncontact multi-view detection sequentially [41, 66]. 
However, this setup easily introduces data inconsistency and complicates the biologi-
cal experiments. Another solution is mirror-based multi-view setup. Different mirror 
configurations were proposed to obtain photon distributions on the body surface of a 
small animal from several views (typically four views as seen in Fig. 8.7b) [45, 67]. 

Fig. 8.6 Temperature-dependent spectral changes of Fluc (a) and a cylindrical ultrasound trans-
ducer array for temperature-modulated BLT (b) (reproduced from [10, 56] with permission)
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A truncated cone-shaped mirror setup was developed to perform the measurement 
from the entire view [68]. However, a sophisticated signal recovery algorithm would 
be needed because of the distortion of the measured photon distribution.

Bandpass filters are commonly used to acquire multi-spectral data. The tradi-
tional bandpass filter only works at one wavelength range. A rotated wheel is neces-
sary for multi-spectral measurement [44]. An alternative solution is the liquid 
crystal tunable filter (LCTF) [69, 70]. The specific wavelength can be selected by 
electrically controlled liquid crystal elements. Although its transmission efficiency 
(typically ~60 % as shown in Fig. 8.8b) is lower than the high performance tradi-
tional bandpass filters (typically >85 % as seen in Fig. 8.8a), the rotated wheel is not 
needed, simplifying the system design.

Four Virtual
Images

a

b

Mounting Plate

Mouse
Beam splitter (A)

Mirror (D) Dichroic Beam splitter (C)

Dichroic Beam splitter (B)

Lens

CCD

Images

Mirror

M
irror

M
irr

or

Fig. 8.7 Multi-view and multi-spectral detection concept (a) and a four-view bioluminescent sig-
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Experimental observations have revealed that the source intensity of biolumines-
cent probes varies significantly over time [9]. Since the optical signals generated by 
bioluminescent probes are very weak, a long exposure time is necessary to obtain a 
high SNR. The simultaneous signal acquisition from multi-view and multi-spectral 
detection methods can shorten the data detection time and improve the overall sig-
nal quality (Fig. 8.7a). Based on a rainbow mouse holder for multispectral detec-
tion, the simultaneous acquisition is attempted [67]. Beam splitters and cone-shaped 
mirror are used to improve the detection performance. Furthermore, a digital spec-
tral separation method was developed to extract multi-spectral information more 
efficiently [71].
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5.1.2  Multi-Spectral Schemes

It has been widely recognized that a priori information is critically important for 
BLT reconstruction. In the first prototype BLT system, multiple CCD cameras for 
high efficiency optical signal detection were coupled with a micro-CT system (BIR, 
Inc.), as seen in Fig. 8.9a. Due to the cost issue, the first BLT system used a CCD 
camera of 1,340 × 1,300 16-bit pixels (Princeton Instruments VA 1300B, Roper 
Scientific, Trenton, NJ) to collect bioluminescent views sequentially. A rotated 
stage under computer control was used to realize multi-view acquisition. A Nikon 
Normal Macro 55 mm f/2.8 Micro Nikkor Manual Focus Lens helped capture more 
photons. A holder clamped onto the rotation stage maintained the mouse in a verti-
cal position. Artificial marks on the mouse skin were used for registration with a CT 
image volume. To perform bioluminescence imaging in a totally dark environment, 
a light-tight enclosure was built out of 1/2″ plywood lined with aluminum and black 
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felt, with an entry hatch to accommodate the wires and minimize light leakage. 
Typically, at each orientation, two images are obtained with light on and off for 
exposure time 0.1 s and 5–25 min, respectively. The former image indicates the 
mouse body surface. The latter image represents the bioluminescent view from the 
corresponding orientation relative to the mouse body. After finishing the data acqui-
sition, a micro-CT scanner scans the mouse in the same body posture for anatomical 
structures. The experiment prototype is shown in Fig. 8.9b. Then, in-house software 
reconstructs a bioluminescent source distribution within the animal.

5.1.3  Multi-Modality Setups

Obtaining the surface topology of small animals in vivo is an issue when performing 
tomographic reconstruction. A simple method is to use the structured light tech-
nique, as seen in Fig. 8.10a [44]. This technique projects a series of parallel laser 
lines down on the subject at a certain angle. A CCD camera is used to acquire the 
structured light images of the illuminated subject. The surface topology of the small 
animal can be determined by analyzing the measured data (Fig. 8.10b). However, 
this method is simple only if we consider the small animal as an optically homoge-
neous object. The entire or partial topology of the small animal can then be obtained 
based on different hardware design [44, 72, 73].

To combine BLT with PET, an integrated PET and bioluminescence imaging 
system (OPET) was developed [42, 73–75]. This system is able to simultaneously 

Fig. 8.10 Single view bioluminescence imaging system aided by structured light scanning (a) to 
acquire a mouse body surface (b) [reproduced from Caliper Life Sciences (Hopkinton, MA, USA) 
with permission]
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image high energy annihilation photons emanating from the decay of positron emit-
ting probes and bioluminescent photons emitted from bioluminescent probes. The 
schematic is shown in Fig. 8.11a. A ring-shaped detection module consists of six 
detectors with 64-channel multi-channel photomultiplier tubes (MCPMT) and an  
8 × 8 scintillator crystal array, as seen in Fig. 8.11b. A field-programmable gate 
array (FPGA) is used for data acquisition [77]. This 3.5 cm diameter system is only 
slightly larger than a mouse, and provides the multi-view detection ability naturally. 
A higher detection sensitivity to optical photons in the contact mode can be poten-
tially obtained than systems in the noncontact mode. Preliminary tests of the detec-
tor yielded promising data [74].

5.2  System Architecture for Fluorescence Molecular 
Tomography

Because of the use of illumination, flexible system design and different domain 
modes can be selected for fluorescence based imaging. More information can be 
detected when FMT works in time- and frequency-domain modes [77, 78]. In theory, 
frequency-domain detection information can be obtained from time-domain mode 
because time-domain mode can obtain photon information at the entire frequency. 
However, high noise is generated in time-domain mode especially at high frequency. An 
intensified CCD camera is used to detect the modulated photon signal [79, 80]. The 
SNR is significantly improved. Compared with the fiber-based contact detection 
mode, the CCD camera can obtain more detection information, improving the 
reconstruction quality [81]. Regarding the illumination mode, more information 
about fluorescent probes can be acquired by area illumination compared with point 
illumination [82]. Similar to CT imaging, more detection information is obtained 
when illumination-detector pairs rotate around the small animal [83].

Fig. 8.11 OPET system (a) and its detection system composing of six detection modules  
(b) [reproduced from [42] and the Crump Institute for Molecular Imaging (UCLA, USA) respec-
tively with permission]
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Similar to system architecture for bioluminescence tomography, fluorescence 
molecular tomography can obtain anatomical information from micro-CT, surface 
topology from structured light scanning, and functional information from PET/
SPECT imaging.

6  Optical Molecular Tomography Algorithms

6.1  Bioluminescence Tomography Algorithms

BLT is an ill-posed inverse source problem [84–86]. First, we need to find a 
 mathematical model to describe the photon propagation process in the biological 
tissue, which allows prediction of the photon distribution on the small animal body 
surface. It is usually called the forward problem [48]. Then, we can solve the inverse 
problem, that is, recovering the bioluminescent source distribution with a suitable 
reconstruction algorithm [87].

6.1.1 Photon Propagation Modeling

To understand photon propagation in the biological tissue, two types of mathemati-
cal descriptions can be used: statistical modeling and deterministic modeling [52].

Statistical modeling methods track individual photon trajectories in biological 
tissues. In the optical imaging field, a popular technique is the Monte Carlo (MC) 
simulation [88–90]. Poisson noise can be naturally combined into the simulation, 
realistically mimicking the actual measurement. MC methods are considered the 
“gold standard” because of their precision given a large number of simulated pho-
tons. At the beginning, Monte Carlo methods were implemented using simple 
analytic geometry (such as slabs, cylinders, spheres, and so on) [88]. However, to 
simulate the bioluminescent or fluorescent photon propagation in small animals, 
MC methods need to be performed in complex heterogeneous geometry. Voxel- 
based MC methods were used to simulate photon propagation in models such as 
in a digital mouse atlas [89]. However, voxels cannot model irregular geometry 
precisely. Based on the triangular surface mesh, a more accurate simulation plat-
form was developed [90]. Figure 8.12 shows the simulated photon distribution 
using the triangular surface mesh. A recent effort was made to perform MC simu-
lation based on tetrahedrons to achieve a higher computational efficiency. 
Although the MC methods provide precise results, it is still very time-consuming 
because large numbers of photons need to be tracked. Parallel acceleration 
becomes natural, especially using popular GPU hardware because of the parallel 
nature of the MC methods [91–93]. These MC simulation packages are useful 
tools for system design and performance evaluation, especially to avoid the 
inverse crime problem [93–95].
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Deterministic modeling methods mainly solve the radiative transfer equation 
(RTE, also called as Boltzmann equation) and its approximations [96]. The RTE can 
also provide precise results. In bioluminescence imaging, the source intensity is 
generally assumed to be time invariant during the data acquisition. Hence, the RTE 
can be expressed as [97]:
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where ψ r, ŝ( ) denotes photons in the unit volume traveling from point r in direction 
ŝ. p ˆ ˆs s, ′( ) is the scattering phase function and gives the probability of a photon scat-
tering anisotropically from direction ŝ′ to direction ŝ . Generally, the Henyey–
Greenstein (HG) phase function is used to characterize this probability. Based on 
the principle of energy conservation, the RTE states that the radiance ψ r, ŝ( ) is equal 
to the sum of all component contributions including absorption μa(r), scattering 
μs(r), and source energy S r, ŝ( ) when light interacts with a unit volume. Currently, 
the diffusion approximation to the RTE is extensively applied [48]. Diffusion 
approximation is the first-order spherical harmonics approximation to the RTE and 
assumes that the phase function is independent of the absolute angle and the sources 
are isotropic. For simple geometries, analytic formulas can be obtained based on the 
diffusion approximation [21, 98]. When the simulation domain is homogeneous, the 
analytic solution can be obtained using a tangential planar approximation method 
for complex boundaries [44]. The most popular computational approach is the finite 

Fig. 8.12 Simulated photon distribution on the mouse surface using Monte Carlo methods (http://
www.mosetm.net) [reproduced from the Life Sciences Research Center (Xidian University, 
China), the Medical Image Processing Group (Institute of Automation, Chinese Academy of 
Sciences (CAS), China) and the Optical Molecular Imaging Laboratory (Virginia Tech, USA) with 
permission]
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element method (FEM) [52, 99]. Generally, the FEM solution on the fine discretized 
domain is more precise than that on the coarse counterpart. However, simulation 
time significantly increases with the domain refinement. An adaptive finite element 
method was introduced to obtain a satisfactory solution efficiently via local mesh 
refinement [100].

Diffusion approximation becomes inaccurate in some important cases, such as 
near source and surface, in anisotropic tissues, in domains of high absorption, and 
so on [52, 101]. To obtain more precise solutions, it is necessary to solve the RTE 
and its high-order approximations. A generalized delta-Eddington phase function 
was proposed to simplify the RTE [102]. As a result, an integral equation was devel-
oped to calculate the photon flux vector. A precise simulated solution can be obtained 
using this formula. The simulation speed is fast in a homogeneous domain but fast 
algorithms need to be developed in heterogeneous domains. Regarding the partial 
differential operator, the first- and second-order formulations of the RTE are usually 
used to solve the RTE directly [96]. Discrete ordinates (SN) and spherical harmonics 
(PN) methods, as two common numerical approximations, can yield excellent solu-
tions. Compared with first-order formulations, the distinct advantage of the second-
order forms such as the even-odd parity (EOP) equations is that the acquired FEM 
matrix is sparse positive-definite (SPD), easily being solved using iterative methods. 
In order to generate a precise simulation solution, and regardless of the first- and 
second-order equations, one has to set N as large as possible and then N(N + 2) and 
(N + 1)2 coupled equations corresponding to SN and PN methods need to be solved. 
This computational complexity becomes extremely high, especially on a large vol-
ume. A multigrid solver of the radiative transfer equation was developed through a 
direct angular discretization using the finite element method, providing encouraging 
numerical results at a relatively fast simulation speed [103]. Recently, the simplified 
spherical harmonics (SPN) method was developed for optical imaging, improving 
computational efficiency significantly [104]. Furthermore, a parallel adaptive FEM 
method was proposed to improve the simulation speed [105].

6.1.2 Mouse Domain Triangulation

Anatomical images can be obtained from scanning a mouse using micro-CT, micro- 
MRI, or an alternative imaging modality. Domain triangulation is necessary for 
modeling the photon propagation and BLT reconstruction [9]. Tetrahedral element 
based modeling is quite suitable to represent a complex domain. To reflect optical 
properties of biological tissues, major organs in a mouse must be considered for 
mesh generation. Since raw anatomical images are rather detailed, interactive seg-
mentation methods aided by expert knowledge are often used for precise organ 
 segmentation [106]. Based on the segmented images, surface extraction can be 
 performed using the classic Marching Cubes (MC) algorithm or its variants [107]. 
Recently, a Marching Tetrahedra (MT) algorithm was proposed to avoid the ambi-
guity problem in the MC algorithm [108]. The quality of the surface mesh can be 
improved via mesh smoothing (typically Laplacian smoothing) and simplification [109]. 
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Note that the methods similar to the multiple-material marching cubes algorithm 
(M3C) [110] or multiregional Marching Tetrahedra (MMT) algorithm [108] are 
necessary for heterogeneous domain-based surface generation. Several triangula-
tion methods, such as the octree-based algorithm, advancing front method and 
Delaunay technique, were developed to generate a volumetric mesh from the  surface 
mesh [111]. Several open-source packages and commercial software are available 
to facilitate domain triangulation [112].

6.1.3 Bioluminescent Source Reconstruction

BLT is an ill-posed inverse source problem. The theoretical study shows that the 
uniqueness can only be obtained with sufficient a priori information [84–86]. 
Practically, the richer the a priori information we apply, the more improvement we 
have in BLT reconstruction. Using a physical heterogeneous phantom, Fig. 8.13 
shows the importance of a priori optical properties distinctly. Three types of a pri-
ori information are extensively applied in reconstruction algorithms, that is, ana-
tomical information [40, 42, 113–116], optical properties of each structural 
component [41, 42, 117], spectrally-resolved measurements on the body surface of 
a small animal [42, 45–47, 118]. Anatomical information yields a geometrical 
model. The forward imaging model is enabled after relevant optical properties are 
assigned to the geometrical model. Spectrally resolved data allows incorporation of 
the bioluminescent source spectra into account. Recently, the sparse characteristics 
of the bioluminescence probes was also explored as a priori information [93]. The 
use of a priori information significantly reduces the ill-posedness of this source 
reconstruction problem. This underscores that the value of analytic modeling-based 
reconstruction methods are limited to homogeneous geometries [44]. Due to the 
curved surface topography of the mouse and the necessity of addressing the hetero-
geneous characteristics of mouse tissues, numerical reconstruction algorithms, such 
as those based on FEM, are more accurate than the over-simplified analytical 
method and more efficient than the Monte Carlo simulation-based methods [41, 52].

BLT is, somehow, similar to single photon emission computed tomography 
(SPECT) and positron emission tomography (PET), since they all target source 
reconstructions despite dramatic differences in photon propagation trajectories. As 
a result, reconstruction algorithms for PET and SPECT can be adapted to realize the 
BLT reconstruction [42, 119, 120]. Specifically, the system response P-matrix needs 
to be computed, which is a very time-consuming step, although it can be obtained 
prior to acquiring the measured data. The BLT reconstruction is sensitive to multi-
ple factors. Pre-calculating the P-matrix can affect the reconstruction quality due to 
the different heterogeneous geometries between what is assumed in the calculation 
and that used in the experiment [121]. Diffuse optical tomography (DOT) has been 
investigated for several decades, and the DOT algorithms can be applied to estimate 
source distribution for BLT [115, 122]. Since the BLT problem is linear, the least- 
square solution can be sought to produce the BLT reconstruction [41, 123, 124].

The feasibility of the BLT reconstruction was initially demonstrated using basic 
recon struction algorithms and well-known a priori information [41, 42, 45, 46, 66, 118]. 
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To improve the BLT reconstruction quality, more ideas and theories were then  developed. 
Stable BLT reconstruction with a low computational cost on a coarse discretized domain 
can be obtained because of fewer unknown variables involved and thus a less ill- 
poseness. The fine domain discretization means high spatial resolution, and may be 
subject to “the dimensionality curse”. A multilevel adaptive finite element reconstruc-
tion algorithm was developed to harvest a priori reconstruction from the coarse mesh 
for the reconstruction on adaptively refined meshes [43, 95]. Compressed sensing (CS) 
theory is attractive because the real signals or images can be recovered using fairly 
fewer measurements if they are sparse on some basis, and the measurement operator and 
sparsity basis satisfy certain conditions [125, 126]. The improved BLT reconstruction 
was obtained based on the l1 minimization strategy when the sparse characteristic of the 
bioluminescence probes holds [93].

Fig. 8.13 BLT reconstruction with and without compensation of optical heterogeneity. (a) A physical 
heterogeneous phantom and the cross section of the phantom and the true source position; (b) the 
reconstructed results with/without compensation of optical heterogeneity [reproduced from the 
Optical Molecular Imaging Laboratory (Virginian Tech, USA) with permission]
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Earlier BLT reconstruction is mostly based on diffusion approximation theory. 
However, when performing BLT reconstructions on small animals, several approxi-
mations and assumptions can lead to poor source localization and quantification 
[40]. For example, the use of spectrally resolved information in the whole-body 
small animal reconstruction violates the assumptions of the diffusion approximation 
theory in cases of high absorption tissues, void-like domains, small tissue geome-
tries and so on [40, 119]. BLT reconstruction with high-order approximations to the 
RTE was then investigated. The improved reconstructions were obtained using the 
RTE model in simple geometries [119, 127]. SPN-based reconstruction also 
improved the imaging performance, as seen in Fig. 8.14 [70].

The use of a priori information, such as the heterogeneous tissue characteristics 
and spectrally resolved measurements significantly increases the computational 
cost. The introduction of high-order approximation models further increases the 
computational complexity of the BLT reconstruction on small animals, which is 
practically impossible to achieve if the computation is sequentially conducted. 
A fully parallel radiative-transfer-based reconstruction framework was proposed to 
make the BLT reconstruction for the whole-body of a small animal feasible [124]. 
The flowchart is shown in Fig. 8.15.

6.2  Fluorescence Molecular Tomography Algorithms

To model the photon propagation for fluorescence molecular tomography, two pro-
cesses are involved, which are due to illumination and emission. Furthermore, time- 
and frequency-domain modes further complicate the situations. The Monte Carlo 

Fig. 8.14 Simulated BLT reconstruction with diffusion approximation (a–c) and SP3 (d–f) using 
a mouse-shaped geometry when a single solid spherical source of 1.0 mm radius is located at dif-
ferent position. Cross-sections with blue and red boundaries are the center position of the actual 
and reconstructed sources, respectively. The mesh denotes reconstructed values larger than 10 % 
of the reconstructed maximum [reproduced from [70] with permission]
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methods, the RTE and relevant variants are widely used to study fluorescence 
molecular tomography. Generally, time- and frequency-dependent measurements 
bring more challenges. For development of reconstruction algorithms, analytical 
methods based on the Born and Rytov approximations are popular [128–130]. To 
handle the heterogeneous domain, finite element and finite difference methods are 
successful [127, 131]. Additionally, the adaptive mesh evolution strategy can pro-
vide the improved reconstruction [132].

Fig. 8.15 Flowchart of a fully parallel reconstruction framework for BLT reconstruction using the 
approximation to the RTE. Four major steps are implemented in parallel, involving mesh partition-
ing, FEM-based matrix assembly, relationship forming between the unknown source distribution and 
the spectrally resolved measured data, and optimization (reproduced from [124] with permission)
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7  Biomedical Applications

7.1  Bioluminescence Imaging

Classic bioluminescence probes are well established in biological research. By 
inserting the genetic fragment expressing luciferase into the gene sequence, various 
cell lines have developed, thanks to the good biocompatibility of classic biolumi-
nescence probes. Mouse xenograft models are now widely available. Transgenic 
mice used to observe specific biological and disease processes can be labeled using 
bioluminescent probes. Planar bioluminescence imaging has been extensively 
applied in small animal models of human diseases in many biological research 
areas. Typical applications include tumor studies [133], cancer diagnosis [134, 
135], drug discovery [136], and gene therapies [137].

While classic imaging modalities, such as micro-CT, micro-MRI, and micro- 
PET/SPECT, have been instrumental, planar bioluminescence imaging provides 
critical information, and bioluminescence tomography maximizes the potential of 
bioluminescent probes for in vivo biological research, especially in a synergistic 
combination with these mature imaging modalities [138]. When specific radioactive 
probes are used to label biological features of interest, it is difficult to control  
the high-energy photon emission. The circulation and metabolism of the radioactive 
probes generate a high background noise. Using a mouse xenograft model, the 
reconstruction results from the micro-PET/BLT multimodality imaging have shown 
precise tumor location and low background noise. Using the murine glial fibrillary 
acidic protein (GFAP) promoter (GFAP-luc mice), the BLT reconstruction can 
reveal the spatiotemporal distribution of bioluminescent signals correlated with 
GFAP immunoreactivity [139].

The analysis of the reconstruction results from several groups has shown that less 
than 3 mm accuracy in source center localization and less than 30 % error in source 
intensity estimation can be obtained using current BLT systems [44, 66]. Several 
studies on xenograft mouse models using different tumor cell lines have confirmed 
the potential of BLT in biomedical applications. Relevant results are shown in 
Figs. 8.16 and 8.17.

7.2  Fluorescence Molecular Imaging

Biological applications of fluorescence imaging are wide spread. Since the original 
FMT feasibility studies were performed on small animal brains [7], FMT has been 
highly developed for biological research [140–143]. Clinical applications of fluo-
rescence imaging have also been reported with promising results. Typical clinical 
applications include fluorescence imaging of breast tumors [144] and lymphatic 
statuses [145]. Since FDA is much more tolerant of fluorescence than biolumines-
cence in the clinical settings, fluorescence imaging has a much greater translational 
potential than bioluminescence imaging.
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Fig. 8.17 Four-view detection of bioluminescent photon surface distribution of a mouse injected 
22Rv1-luciferase human prostate cancer cells (a). (b) and (c) show the source reconstruction and 
dissection validation (reproduced from [66] with permission)

Fig. 8.16 Planar bioluminescence imaging of a mouse injected with PC-3M-luc cells (a) and the 
source reconstruction in pink with the display of the atlas skeleton (b) and additionally with the 
atlas heart (c) [reproduced from Caliper Life Sciences (Hopkinton, MA, USA) with permissions]
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8  Summary

The development of optical molecular imaging helps understand biological pro-
cesses in a totally new way. The unique advantages of bioluminescent and fluores-
cent probes are now recognized in extensive preclinical applications. Optical 
tomography promises to provide more accurate and rich imaging information com-
pared with planar imaging methods. As a new imaging modality, current progress in 
the optical molecular tomography methods summarized in this chapter suggests a 
bright future despite the fact that this field is still in its infancy. Multidisciplinary 
collaboration is necessary to develop the next generation of probes, systems and 
methods to improve the reconstruction quality significantly. More photons can be 
generated from new optical probes by probe signal amplification. Tumors of small 
volume at deeper position can be detected using more sensitive detection systems. 
More precise localization and quantification can be achieved through better utiliza-
tion of more a priori information, based on more precise photon propagation mod-
els and more advanced reconstruction algorithms.

Since the FMT and BLT concepts were proposed in early this century, several 
laboratory prototypes and commercial systems have been proposed. We believe that 
optical molecular tomography will grow from this beginning to develop into a major 
molecular imaging modality for modern biology and medicine.
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1  Introduction

Molecular imaging is currently defined by the society of nuclear medicine as the 
visualization, characterization and measurement of biological processes at the molec-
ular and cellular levels in humans and other living systems [1]. Historically, molecu-
lar imaging can be traced back to France in 1896, when Henri Becquerel discovered 
that certain materials emitted energetic “rays”, a physical process that called radioac-
tive decay later [2]. In 1950s, Michel Ter-Pogossian and his colleagues conducted 
some pioneering molecular imaging studies in the determination of oxygen content 
in malignant neoplasms by using 15O-labeled gas mixture. Later, based on 15O-labeled 
radiopharmaceuticals, Ter-Pogossian et al developed quantitative in vivo tracer tech-
niques and carried out a series of brain imaging studies such as the first quantitative 
measurements of regional brain oxygen consumption in human etc [3, 4].

In general, due to the advance in molecular biology, including genomics and 
proteomics etc, the development of biologically targeted markers has become fea-
sible, which in turn propels the rapid growth of applications in molecular imaging 
field consisting of various modalities such as nuclear imaging including positron 
emission tomography (PET), single photon emission computed tomography 
(SPECT), magnetic resonance imaging (MRI), magnetic resonance spectroscopy 
(MRS), computed tomography (CT), ultrasound, bioluminescence, fluorescence 
imaging and also the combination of multimodalities, for example, PET/CT, 
SPECT/CT and PET/MRI [5–10] etc. In the past few decades, significant progress 
in these imaging instrumentations has been achieved, which enhances the in vivo 
imaging capability in small animals and human, improves the smooth transfer of 
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understanding and characterization information between species, and eventually 
facilitates the translation into clinical application [11–13].

Molecular imaging has its roots in molecular and cell biology as well as imaging 
technology [14]. In general, it exploits specific molecular probes as well as intrinsic 
tissue characteristics as the source of image contrast, and provides the potential for 
understanding of integrative biology, earlier detection and characterization of dis-
ease, and evaluation of treatment [15]. In contradistinction to the conventional read-
outs, one of the advantages of molecular imaging is that it can be performed in the 
intact organism with sufficient spatial and temporal resolution for studying biologi-
cal processes in vivo [11].

In the design of imaging probe, several key criteria must generally be met: (a) 
availability of high affinity probes with reasonable pharmacodynamics; (b) the abil-
ity of these probes to overcome biological delivery barriers (vascular, interstitial, 
cell membrane); (c) use of amplification strategies (chemical or biologic); and (d) 
availability of sensitive, fast, high resolution imaging techniques. In a typical sce-
nario, all four prerequisites must be met for successful in vivo imaging at the molec-
ular level [10]. Historically, imaging of cell-specific surface antigens or epitopes 
with radiolabeled monoclonal antibodies (i.e., IgG) represented some of the earliest 
molecular imaging studies [16]. With the advances in molecular and cellular biology 
techniques, more and more imaging probes with high affinity to the molecular tar-
gets have been developed [9, 12]. In general, most of the imaging probes could be 
categorized into three strategies: direct imaging, indirect imaging, and surrogate 
imaging [17]. Direct imaging is based on imaging the target directly and usually 
uses a target-specific probe for cell surface receptors, intracellular molecules or gene 
expression, which interacts directly with the target providing an image intensity cor-
relating to the amount of target actively present. This imaging strategy is common in 
nuclear medicine such as the monoclonal antibody targeting of a particular cell 
membrane epitope, imaging the activity of an enzyme with enzyme- specific probe, 
imaging the receptor density with radiolabeled small molecule, and targeting mRNA 
or protein in vivo with radiolabeled antisense probes etc [17–21]. The indirect imag-
ing is more complicated because it is composed of multiple elements. One paradigm 
is “reporter imaging” which contains a marker/reporter gene and a marker/reporter 
probe. The reporter gene product can be an enzyme that converts a reporter probe to 
a metabolite that is selectively trapped within transduced cells. The main advantage 
of this strategy is the enzymatic amplification of the probe-signal that facilitates 
imaging the magnitude and location of reporter gene expression [12]. This strategy 
is quite popular in radionuclide-based imaging, optical imaging, as well as MRI [14, 
22–29]. Surrogate imaging usually detects downstream effects of endogenous 
molecular genetic processes using established radiopharmaceuticals and clinical 
imaging protocols. This approach is particularly attractive for potential translation 
into clinical studies in the short-term, because existing radiopharmaceuticals and 
imaging paradigms may be useful for monitoring downstream effects of changes in 
specific molecular genetic pathways in diseases such as cancer [14, 30–33]. So far, 
hundreds of molecular imaging probes have been developed based on the three 
imaging strategies and there are more under development. In this chapter, we will 
focus on the recent advance of radionuclide- based molecular imaging probe.
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2  Radionuclides for Molecular Imaging

A radionuclide is an unstable form of a chemical element that radioactively decays, 
resulting in the emission of nuclear radiation. Radioactive decay is a spontaneous 
nuclear transformation that has been shown to be unaffected by pressure, tempera-
ture, and chemical forms etc (except for a few special cases). This insensitivity to 
extranuclear conditions allows us to characterize radioactive nuclei by their decay 
periods, modes, and energies of decay without regard to their physical or chemical 
condition. The mode of radioactive decay is dependent on the particular nuclide 
involved. In general, the radioactive decay can be characterized by α-, β- and γ- 
radiation. Alpha-decay is the emission of helium nuclei. Beta-decay is the creation 
and emission of either electrons (β−) or positrons (β+) or the process of electron 
capture. Gamma-decay is the emission of electromagnetic radiation where the tran-
sition occurs between the different energy levels of same nucleus. Internal conver-
sion is another mode of radioactive decay that a nucleus loses its energy by 
interaction of the nuclear field with that of the orbital electrons, causing ionization 
of an electron instead of γ-ray emission. In some circumstances, spontaneous fis-
sion will be observed in the heaviest nuclei that the nucleus dissociates spontane-
ously into two roughly equal parts, leading to the emission of electromagnetic 
radiation and of neutrons. In addition, there are some unusual decay modes observed 
for nuclides very far from the stability line, such as neutron emission, proton emis-
sion, and 12C-emission.

In molecular imaging, the radionuclides used for imaging probes (PET and 
SPECT) are mostly positron emitters or gamma-emitters. The positron decay can be 
described symbolically as:
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A proton-rich nucleus emits a positron after the conversion of a proton into a 
neutron, with simultaneous emission of a neutrino (ν). The positron is the antipar-
ticle to the electron and the energy of emission can take a continuum of values up to 
a maximum, which depends on the difference between the energetic states of the 
parent–daughter nuclei. After emission from the nucleus, the positron loses kinetic 
energy by interactions with surrounding matter such as inelastic/elastic collision or 
scattering. Eventually, the positron combines with an electron and annihilates, 
which releases two 511 keV photons in (the rest-mass equivalent of each particle) 
opposite directions (ca. 180° to each other) to conserve momentum. The distance 
traveled by the positron before annihilation depends on its initial energy.

In γ decay, electromagnetic radiation is emitted as a nucleus undergoes transi-
tions from its higher excited state to lower excited state or ground state. The excited 
state of the nucleus and the lower-energy daughter state that is reached as a result of 
the γ emission are referred to as nuclear isomers only when the half-life of the 
excited state is long enough to be easily measurable. In this case, the γ decay is 
described as an isomeric transition. Gamma ray emissions are characteristic of the 
radionuclides, and the energies of the emitted photons depend on the energy differ-
ences between the initial excited state and the next one.
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According to the production modes, the radionuclides used for PET and SPECT 
imaging can be differentiated into three groups: reactor nuclides, cyclotron nuclides, 
and generator nuclides. The production and application of radionuclide-based trac-
ers and recent progress of radiochemistry and radiopharmacy is reviewed elsewhere 
[34–41]. The most commonly used radionuclides in SPECT and PET imaging are 
listed in Tables 9.1 and 9.2, respectively [36].

Radiotracers are chemical species that contain a radionuclide, and it is the activity 
of the radioisotope that is monitored to follow the process under investigation. The 
first radiotracer application in biological process was done in 1913 with radium- D 
(210Pb) by Georg Hevesy in tracing the movement of radionuclides from soil into 
plants and the movement of food through animal systems [42, 43]. For the radionu-
clides listed in Table 9.1, technetium-99m (99mTc) is the most widely used γ-emitter 
for nuclear imaging due to its suitable half-life and nuclear properties. Even now, 
about 80 % of diagnostic scans are performed using 99mTc labeled radiotracers. 
Technetium-99m decays with a half-life of 6.0 h by isomeric transition to 99gTc, 
thereby emitting a single photon with energy of 141 keV, which is almost ideal in 
meeting the sensitivity maximum of SPECT camera system [44]. However, the most 
important reason for the special role of 99mTc in SPECT is the cost effectiveness and 
the on-demand availability of the isotope through the 99Mo/99mTc generator system. 
The mother nuclide molybdenum-99 can be produced either by 98Mo(n, γ)99Mo reac-
tion or the fission of uranium-235, with the later method is more preferred because 
of the high yield and almost carrier-free and thus of the high specific activity. 
In addition, the use of Al2O3 matrix reduces the risk of 99Mo breakthrough, resulting 
in the high radionuclide purity of 99mTc eluate. Molybdenum-99 has a half-life of 
66 h and decays by β− emission; 87 % of the decay goes ultimately to the metastable 
state 99mTc and the remaining 13 % to the ground state 99gTc. 99mTc can be separated 
from 99Mo by column chromatography with sterile and pyrogen free saline. Since the 
half-life of 99Mo is ten times higher than that of 99mTc, transient equilibrium is 
achieved, which allows the daily use of 99mTc up to 1 week. In addition, the rich 
chemistry of technetium at various oxidation states facilities the widespread of 99mTc 
radiopharmaceuticals in brain, heart, renal, hypoxia imaging etc [44–47].

Table 9.1 Radionuclides commonly used in SPECT imaging

Nuclide T1/2 Decay %

β Energy (keV) Main photon  
keV (%) ProductionMax. Mean

67Ga 3.26 day EC 93 (39.2); 185 
(21.2) 300 (16.8)

68Zn (p, 2n) 67Ga

99mTc 6.01 h IT 140 (89.1) 99Mo/99mTc generator
111In 2.8 day EC 171 (90.7);  

245 (94.1)

111Cd (p, n) 111In
112Cd (p, 2n) 111In

123I 13.27 h EC 159 (83.3) 124Te (p, 2n) 123I
124Xe (p, 2n)123I

125I 59.41 day EC 35.5 (6.68 %) 124Xe (n, γ)125m/125gXe → 125I
201Tl 72.91 h EC 167 (10.0) 203Tl (p, 3n)201Pb:201Tl
133Xe 5.24 day β− 346 100 81 (38.0) 235U fission
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Due to the wide application of 99mTc in SPECT, technetium-94m has been 
examined for the potential in PET imaging taking the advantage of the rich techne-
tium chemistry and the appropriate nuclear properties (t1/2 = 52 min, 2.4 MeV posi-
tron with 72 % abundance). The commercially available 94mTc-teboroxime kits 
showed consistent results with those reported for 99mTc, indicating the potential 
opportunities for study many of new technetium compounds with PET [48, 49].

Radioiodine became available for medical application (i.e. thyroid uptake 
measurement) from cyclotron production since late 1930s on a limited basis. With 
the development of nuclear reactor, iodine-131 became the “classic” radioiodine 
for both diagnosis and therapy. However, due to the attractive nuclear (159 keV γ 
with 83 % abundance, t1/2 = 13.3 h) properties (Table 9.1), and high purity produc-
tion, and the versatile radioiodination approaches such as isotopic exchange, 

Table 9.2 Radionuclides commonly used in PET imaging

Nuclide T1/2 Decay %

β Energy (keV) Main photon  
keV (%) ProductionMax. Mean

11C 20.4 min β+ (99.8)
EC (0.2)

959 386 511 (199.5) 14 N (p, α) 11C

13 N 9.96 min β+ (99.8)
EC (0.2)

1,198 492 511 (199.6) 16O (p, α) 13 N

15O 2.07 min β+ (99.9)
EC (0.1)

1,732 735 511 (199.8) 15 N (p, n) 15O

18F 109.7 min β+ (96.7)
EC (0.1)

634 245 511 (193.5) 18O (p, n) 18F

60Cu 23.7 min β+ (93)
EC (7)

3,772 970 511 (185); 826 (21.7)
1,332 (88); 1,792 (45.4)

60Ni (p, n) 60Cu

61Cu 3.33 h β+ (61)
EC (39)

1,215 500 511 (123); 656 (10.8) 61Ni (p, n) 61Cu

62Cu 9.7 min β+ (97)
EC (3)

2,926 1,314 511 (194.9) 62Zn/62Cu generator

64Cu 12.7 h β+ (17)
EC (44)

653 278 511 (34.8) 64Ni (p, n) 64Cu

66Ga 9.49 h β+ (56)
EC (44)

4,153 1,740 511 (112); 1,039 (36)
2,752 (23.3)

63Cu (α, n) 66Ga

68Ga 67.7 min β+ (89)
EC (11)

1,899 829 511 (178.3) 68Ge/68Ga generator

75Br 96.7 min β+ (73)
EC (27)

2,008 719 511 (146); 287 (90) 76Se (p, 2n) 75Br
76Se (d, 3n) 75Br

76Br 16.2 h β+ (55)
EC (45)

3,941 1,180 511 (109); 559 (74)
657 (15.9); 1,854 (14.7)

76Se (p, n) 76Br
76Se (d, 2n) 76Br

82Rb 1.25 min β+ (96)
EC (4)

3,378 1,417 511 (191) 82Sr/82Rb generator

86Y 14.7 h β+ (33)
EC (66)

3,141 664 511 (63.9); 1,077 (82.5)
1,115 (30.5); 627 (32.6)

86Sr (p, n) 86Y

94mTc 52.0 min β+ (70)
EC (30)

2,438 1,072 511 (140.4); 871 (94.2) 94Mo (p, n) 94mTc

124I 4.18 day β+ (23)
EC (77)

2,138 820 511 (46); 603 (62.9)
723 (10.3)

124Te (p, n) 124I
124Te (d, 2n) 124I
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oxidation etc, leading to the regio-specific iodination, iodine-123 is becoming the 
“ideal” radioiodine for SPECT imaging [50].

Another important isotope for SPECT imaging is indium-111 produced from 
cyclotron. The use of 111In in medical application started from the late 1960s. Due 
to the 2.8 days physical half-life, In-111 is mostly used to study the biomolecules 
with relatively slow in vivo kinetics such as antibodies and peptides etc. with dieth-
ylenetriaminepentaacetic acid (DTPA) chelation and conjugation [51].

The greatest advantage of PET is the potential to image and study the biochemi-
cal processes in vivo without altering or affecting in any way the homeostasis due to 
some organic positron-emitters. Among the list of the positron emitting radionu-
clides (Table 9.2), carbon-11, nitrogen-13, oxygen-15 and fluorine-18 are the most 
important PET isotopes. The physical half-lives of these radionuclides are relatively 
short (<2 h), leading to the feasibility of high specific activity.

The most common method for the production of carbon-11 is the proton bom-
bardment of nitrogen-14 by using the natural nitrogen as target [34]. By using the 
high purity nitrogen gas, 185–740 GBq/μmol of [11C]CO2 can be obtained. Because 
of the appropriate nuclear properties (t1/2 = 20.4 min, 99.8 % by β+, 0.2 % by EC), 
C-11 can be used for repeated PET imaging studies in the same subject within a 
relatively short time frame and multi-step syntheses given the fact that there is no 
distinguishable difference from the stable natural counterpart with respect to bio-
logical properties. The C-11 based tracer can majorly be radiolabeled with biosyn-
thetic methods, recoil labeling, organic synthetic methods and enzyme catalysis etc 
and the primary precursors used for the labeling are generally [11C] carbon dioxide, 
[11C] methane, and [11C] carbon monoxide [52].

The medical application of nitrogen-13 started from the [13N] ammonia (NH3 or 
NH4

+ ion). One important application of 13N based radiotracer is the labeling of 
amino acids. Although the cyclotron produced 13 N has specific activity more than 
400 GBq/μmol, the short physical half-life (t1/2 = 9.98 min) limited the application in 
the multi-step synthesized tracer [53]. For oxygen-15, the 2.07 min half-life deter-
mined the rapid synthesis of 15O labeled radiotracer such as [15O]H2O, [15O]CO, and 
[15O]CO2 etc [3, 4, 53].

Fluorine-18 is no less a remarkable and versatile positron-emitting radionuclide 
due to the appropriate nuclear properties (t1/2 = 109.7 min, β+ = 634 keV, positron 
range = 2.4 mm in water). However, the medical application only got burst about 50 
years after its discovery because of the improvement on the fluorination strategies 
through nucleophilic form of fluorine-18 ([18F]fluoride ion) or an electrophilic form 
([18F]F2). Among all the F-18 based radiotracers, [18F]-2-fluoro-2-deoxyglucose 
(FDG) is the most widely used tracer [54–56].

Both bromine-75 and bromine-76 are produced by bombarding the [76Se] 
enriched (96 %) Cu2Se target. The physical half-life of Br-76 (t1/2 = 16.2 h) is favor-
able for radiotracer synthesis and application in long physiologic process such as 
slowly proliferating tumors. For the fast physiologic process, Br-75 (t1/2 = 96.7 min) 
is more suited for imaging [57].

Gallium has three isotopes gallium-66, gallium-67 and gallium-68 that can be 
used for diagnosis/therapy purpose in nuclear medicine. Of these radionuclides, 
Ga-67 had been widely used in SPECT to detect both chronic and acute abscesses 
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and inflammatory processes because of the emission of 185 keV γ-ray. In addition, 
the relatively long half-life (t1/2 = 3.26 day) favored the commercialization of Ga-67 
without losing significant amount of activity. Gallium-66 (t1/2 = 9.49 h) is a cyclotron- 
produced position emitter and can be used for both imaging and therapy. The label-
ing with DOTA-(D)Phe1-Tyr3-octreotide is one of the best somatostatin analogues 
developed [48, 58]. Gallium-68 (t1/2 = 67.7 min) is produced from the 68Ge/68Ga gen-
erator and decays 89 % by positron emission. The long half-life of the parent nuclide 
68Ge (t1/2 = 280 days) gives the generator a useful life of 1–2 years, allowing PET 
imaging at facilities without an on-site cyclotron. The chelate chemistry of gallium 
is dominated by ligands containing nitrogen, oxygen and sulfur as the electron 
donor. By functionalization of bioactive molecule to the bifunctional chelator, the 
target-specific tracer can be designed for medical applications provided that it is 
stable to hydrolysis and more stable than the Ga (II)-transferrin complexes [51].

The radionuclides of copper offer a selection of diagnostic (60Cu, 61Cu, 62Cu and 
64Cu) and therapeutic (64Cu, 67Cu) isotopes. The positron-emitting isotopes pro-
duced by cyclotron or generator have a wide range of half-lives (23.7 min for 60Cu, 
3.33 h for 61Cu, 9.7 min for 62Cu, and 12.7 h for 64Cu), which makes the application 
of copper radiotracer particularly attractive. With the enriched nickel target, high 
yields of copper isotopes (33.3GBq of 60Cu, 5.55GBq of 61Cu, and 37GBq of 64Cu) 
can be produced [48]. Among the copper radionuclides, the shorter-lived copper 
isotopes can be used for lipophilic copper complexes measuring blood flow and 
hypoxia. The longer-lived copper isotopes such as 64Cu have been mostly used in 
the early investigation for tumor targeting. Recently, more and more efforts have 
been put on the Cu-labeled biological molecules (antibodies, peptides etc.) for path-
ological models (i.e. cardiovascular disease, inflammation) [49, 59–61].

Yttrium-86 can be produced on small biomedical cyclotrons via the 86Sr (p, n)86 
Y reaction using a [86Sr]CO3 target. The appropriate nuclear properties (t1/2 = 14.7 h, 
511 keV gamma with abundance of 63.9 %) of 86Y make it attractive as a surrogate 
for 90Y to monitor the therapeutic effectiveness [48].

Rubidium-82 (t1/2 = 1.25 min, 511 keV gamma with abundance of 191 %) is 
available from the 82Sr–82Rb generator. The 82Sr (t1/2 = 25.6 days) is loaded on a SnO2 
column and 82Rb can be eluted with saline solution. Because of its short half-life, 
82Rb can be eluted repeatedly every 10–15 min with maximum yield. Clinically, 
82Rb is primarily used for myocardial perfusion imaging with PET in conjunction 
with an infusion system [62].

2.1  Specific Activity

In the design of a radiotracer, some aspects have to be considered:

• the kind of nuclide
• the position of labeling
• the specific activity
• the chemical purity
• the radiochemical purity
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For quantitative PET/SPECT imaging, all the results are based on the tracer 
principle that requires high effective specific activity of the radiopharmaceutical 
produced [63]. Specific activity is generally defined as amount of radioactivity per 
unit mass of a radionuclide or a labeled compound, which implies the mass repre-
sents the combined mass of radioactive species and the non-radioactive (stable or 
“cold”) counterpart. The unit of specific activity (SA) can be described as GBq/mg, 
GBq/mmol, or GBq/μmol. Specific activity of a radiopharmaceutical is a function 
of natural abundance, radionuclide half life, production method, radiolabeling strat-
egy, and purification technique etc. The theoretical maximum specific activity for a 
radionuclide with a half-life (in hours) of T1/2 is:

 SA Bq mol Tmax ( / ) . / /= ×1 16 1020
1 2  

In practice, due to the various physical and biological influencing factors such as 
the cyclotron target purification, the theoretical maximum specific activity is never 
really achieved in the routine production. However, the concept of specific activity 
is very important in dealing with PET radiotracers. For example, for some ligand- 
receptor imaging, due to the low population of receptors expressed on the cell sur-
face, the tracer with low specific activity may saturate the receptor, disobey the 
tracer principle, and change the pharmacokinetics in vivo etc, causing poor imaging 
quality and misleading results [64].

Table 9.3 presents examples of specific activities of the radionuclides following 
production as well as examples of the specific activities of the final labeled products.

2.2  Problems and Challenges

In small-animal nuclear imaging study, there are some issues that need to be care-
fully considered. Some of these are related to the physical side such as the design and 
optimization of PET/SPECT scanners to achieve high spatial resolution and sensitiv-
ity. Some are focused on the biological feature addressing the interaction between 
the radiotracer and the biological system. Some are connected to the radiochemistry 
aspect specific to the radiotracer etc. In this chapter, we will just focus on the 
 problems and challenges encountered in the design and synthesis of radiotracers.

As pointed out before [65, 66], an ideal radiotracer should have high affinity and 
suitability to the disease specific target, appropriate nuclear properties, superior spe-
cific activity and stability. The real challenge in radiotracer based molecular imag-
ing therefore is the search for the “optimal” nuclear imaging probes. The tracer 
must have high specificity to the characteristic target of disease in order to serve as 
diagnostic tool prior to any planning therapeutic treatment. The selection of a new 
target for a given disease, and thus the development of a new radiotracer, is depen-
dent on the reliable molecular and cell biology information base.

As a rule of thumb, for example Bmax/KD, (the ratio of available receptor proteins 
(Bmax) and dissociation equilibrium constant (KD)) should preferably be higher than 
2 to ensure that a sufficiently large signal is obtained, in order to detect changes in 
receptor occupancy following dosing with the study tracer. It is, however, of 
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importance to realize that the affinity of a tracer for a target is only one of several 
important parameters. A very high affinity in combination with a high Bmax may 
present a problem if the rate-limiting step in the process is shifted from interaction 
between target and tracer to transport to tissue by blood [40, 67, 68].

Another challenge we would like to discuss is the specific activity. In PET/
SPECT imaging, in order to get sufficient contrast and accurate quantification, a 
radiotracer with high specific activity is critical. However, due to the isotopic dilu-
tion and radioactive decay, either in the radionuclide production step or in the sub-
sequent synthesis of a proper reactive secondary precursor, the practical specific 
activity will be much lower than the theoretical maximum specific activity as illus-
trated in Table 9.3. For example, the average ratio of 11C/12C in the final synthesized 
radiotracer is approximately 1/7,000 given the specific activity of the tracer is 
between 50 and 500 GBq/μmol. Although the 11C labeled tracer is still sufficiently 
sensitive for biomedical imaging study, there is a great potential and urgent need to 
enhance the specific activity of the tracer [40, 69].

Table 9.3 Reported specific activities of selected radiotracersa

Radionuclide  
(theoretical specific  
activity, GBq/μmol) Radiochemical

Specific  
activity  
(GBq/μmol) References

60Cu (293,500 GBq/μmol) [60Cu]Cl2 178–666 [70]
61Cu (34,800 GBq/μmol) [61Cu]Cl2 45.1–183 [70]
64Cu (8,695 GBq/μmol) [64Cu]Cl2 2,221–734 [71]

[64Cu]DOTA- ReCCMSH(Arg11) 22.3 [72]
[64Cu]ATSE 7.47 [73]
[64Cu]ASSM 6.40 [73]
[64Cu]DOTA-bististatin 83.5 [74]

66Ga (11,636 GBq/μmol) [66Ga]DOTA-Tyr3-Octreotide 0.984 [75]
76Br (6,819 GBq/μmol) [76Br]progestin 16α,17α-dioxolane 7.4–46.2 [76]

[76Br]L19-SIP 14.8 [77]
124I (1,106 GBq/μmol) [124I]dRFIB 0.100 [78]
86Y (7,603 GBq/μmol) [86Y]DOTA- ReCCMSH(Arg11) 231 [72]
18F (63,270 GBq/μmol) [18F]Isatin analog 2 96.2 ± 47.2 [79]

[18F]2-amino-4- methylpyridine analogue 9 37 [80]
[18F]WC-II-89 55.5 [81]
[18F]FDG 37 [82]

11C (341,140 GBq/μmol) [11C]Isatin analog 4 207 [79]
[11C]PJ34 74 [83]

99mTc (19,314 GBq/μmol) [99mTc]2PEG4-dimer 370 [84]
[99mTc]Annexin V 13,262–265,233 [85]

67Ga (1,480 GBq/μmol) [67Ga]citrate 596 [39]
111In (1,739 GBq/μmol) [111In]DNE-B72.3 24.4–44.4 [86]
123I (8,769 GBq/μmol) [123I]RGD 1.37–2.05 [87]
aThe data presented in Table 9.3 should be reviewed with caution. The values listed in the literature are spe-
cific activities quoted at different times during radiopharmaceutical production (e.g., end of bombardment 
vs. end of synthesis) using different chemical synthetic routes (e.g., direct reaction or via a precursor) and 
have also been calculated using different analytical methodologies
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3  Application of Radiotracers as Molecular Imaging Probes

In molecular imaging, the most outstanding advantage of the use of radiotracer is 
the opportunity afforded to trace dynamic mechanisms in living organism with high 
sensitivity. The trace amount of radiopharmaceutical (in the range from pictograms 
to micrograms) conforms to true tracer kinetics and has only marginal or negligible 
pharmacological effect and toxicity with the ability of imaging the low abundance 
targets such as receptors, antigens etc.

In the following sections, we would like to briefly discuss some applications of 
PET and SPECT radiotracers developed for imaging of tumor, cardiovascular dis-
ease, brain, inflammation and cells. More examples on the imaging of these targets 
with various modalities will be discussed in detail in other chapters of this volume.

3.1  Tumor Imaging

3.1.1  Tracer for Imaging Tumor Metabolism

Nuclear imaging (PET/SPECT) of tumor metabolism has gained considerable inter-
est, since numerous studies have demonstrated that malignant tumors can be 
detected with high sensitivity and specificity by imaging their increased metabolic 
rates for glucose, amino acids, or lipids. Cancer imaging with [18F]FDG-PET takes 
advantage of increased glucose metabolism in cancer cells first described by Otto 
Warburg in the 1930s [88]. [18F]FDG is taken up by cells with glucose transporters 
such as GLUT-1. Once in the cytoplasm, [18F]FDG enters the first step of the glyco-
lytic pathway and is converted to [18F]FDG-6-phosphate. Unlike glucose-6- 
phosphate, [18F]FDG-6-phosphate is not a substrate of phosphoglucose isomerase, 
the second enzyme in the glycolytic pathway. Hence, the radioactivity accumulates 
inside cells [89]. In this way, [18F]FDG-PET provides a functional image of the 
underlying changes of glucose metabolism in normal and abnormal tissues. Because 
most malignancies exhibit increased glucose metabolism for energy needs, the 
accumulation of radioactivity in cancer cells produces a high contrast to the sur-
rounding tissue [90]. The advantages of [18F]FDG-PET imaging has been reviewed 
elsewhere [91]. Currently, [18F]FDG is the most widely available and dominant PET 
tracer in both clinical and pre-clinical research [92–94].

Based on FDG, a series of 99mTc labeled deoxyglucose analogues such as 99mTc- 
labeled ethylenedicysteineglucosamine (EC-DG) and diethylenetriaminepentaace-
tic acid-deoxyglucose (DTPA-DG) have been built up for tumor metabolic imaging 
with SPECT taking advantage of glucose metabolism. The results showed access of 
the radiotracers to cell nuclei and high uptake in tumor cells, indicating the potential 
of serving as metabolic imaging agents with SPECT [95–99].

In addition to elevated glucose metabolism, tumor cells also show increased pro-
tein synthesis and membrane transport of amino acids, making amino acid another 
important target for tumor metabolic imaging [100]. So far, almost all the existing 
amino acids have been radiolabeled and evaluated as potential probe for metabolism 
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imaging. Among the various radiolabeled amino acids, l-[methyl-11C]methionine 
(Met), reported to be more specific to tumor cells, has been extensively evaluated. 
Recent studies showed that Met was able to differentiate benign and malignant 
tumors (granuloma and astrocytomas, etc). In addition to 11C-labeled amino acids, a 
number of 18F labeled tracers based on tyrosine and phenylalanine amino acids such 
as l-3,4-dihydroxy-6-[18F]fluorophenylalanine (FDOPA), O-(2-[18F]fluoroehtyl)-
l-tyrosine (FET) and l-3-[18F]fluoro-methyltyrosine (FMT) etc have also been 
explored and some of them showed great diagonostic potential in brain tumor imag-
ing [101]. Furthermore, some 123I-labeled tracers have also shown high uptake in 
tumor cells [102–104].

Additionally, radiolabeled choline ([11C]-choline) [105] and choline analogs 
([18F]-choline and [18F]-fluoroethylcholine) [106, 107] have been used to study 
tumor lipid metabolism by PET, showing significantly high accumulation of radio-
activity in tumor cells. A recent study suggested that choline transport and not phos-
phorylation is the key factor for choline uptake of cancer cells [108].

Another interesting imaging probe is [11C]acetate which has been used to study 
oxidative metabolism of the myocardium for a long time. Recently, some results 
have shown that [11C]acetate is also accumulated in various malignancies [109, 110], 
indicating a different metabolic fate of acetate in cancer cells, which is thought to 
be relevant to fatty acid synthesis. Blocking studies showed significant decrease of 
uptake in both cell culture and mouse tumor model by pharmacologic inhibition of 
fatty acid synthase and acetyl-CoA carboxylase, confirming the specificity of [11C]
acetate for imaging FAS expression [111].

3.1.2  Tracer for Imaging Tumor Cell Proliferation

Uncontrolled cell proliferation is the primary hallmark of cancer, which consequently 
increases the number of cells undergoing DNA replication. Due to the irreplaceable 
role of thymidine in DNA synthesis, the upregulated thymidine transport and mam-
malian thymidine kinases in cancer cells provides a molecular target for imaging by 
radiolabeling the thymidine analogues. The application of radiotracer in assessing 
tumor cell proliferation started about 50 years ago. In general, there are two strategies 
to image the tumor cell proliferation with non-invasive nuclear probe. One is the 
radiotracer imaging indirectly related to cell proliferation such as [18F]FDG and 
l-[11C methyl]methionine etc. Another strategy is directly related to cell proliferation 
such as [11C] thymidine and 32-deoxy-32[18F] fluorothymidine (FLT) etc [112].

The indirect imaging approach is mostly related to tumor metabolism. Although 
some studies showed positive results in tumor uptake both in vivo and in vitro [113, 
114], most studies revealed poor or weak correlation between the cell proliferation 
and tumor uptake [115–118].

It is well known that thymidine is uniquely incorporated into DNA during the 
synthesis, which is an indicator of cell proliferation. A series of thymidine analogues 
have been studied for direct cell proliferation imaging through radiolabeling such as 
11C and 18F etc. Among the 11C labeled agents, the most studied radiotracers are [11C]
methyl-thymidine and 2-[11C]thymidine. Following the intravenous injection, the 
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two tracers were metabolized and the majority of activities were accumulated in 
tumor cells and incorporated into DNA of proliferating cells [119–121]. The limita-
tion for the widespread clinical application is the rapid metabolism and short physi-
cal half-life of 11C. In addition, a number of halogenated thymidine analogues have 
also been investigated for tumor cell proliferation imaging. However, most of them 
suffered the dehalogenation in vivo and poor contrast [122, 123], which propelled 
the drive toward finding thymidine analogs readily labeled with the longer- lived 18F 
isotope, such as [18F]FLT or [18F]FMAU [124].

FLT was originally synthesized as an antineoplastic and antiretroviral agent and 
is similar in concept to azidothymidine, the first approved anti-HIV agent. It acts as 
a chain terminator in the synthesis of DNA. The replacement of the hydroxyl group 
at the 3′ position of deoxyribose prevents cleavage of the sugar from the thymine 
base by thymidine phosphorylase, therefore, improves the in vivo stability of FLT. 
The first FLT-PET application was performed to measure the cellular thymidine 
kinase activity and thereby to infer the rate of cell proliferation [116]. A number of 
studies have been performed to compare the [18F]FLT to the other tracers in various 
tumor models and the results showed elevated specificity and therefore high contrast 
to surrounding tissue of FLT in assessment of cellular proliferative activity, which 
makes it one of the best tracers in tumor cell proliferation imaging [125–128]. 
Recently, the applications of FLT in monitoring therapeutic response have drawn a 
lot of attention. Both pre-clinical and clinical studies showed decreased FLT uptake 
after radiation/chemotherapy [129, 130].

1-(2′-Deoxy-2′-fluoro-1-β-D-arabinofuranosyl)-thymine (FMAU) is another 
promising radiotracer (11C labeling at 5-methyl group of the pyrimidine or 18F labeling 
at the 2′-fluoro position of the sugar) for cell proliferation imaging. Preclinical studies 
have shown its high resistance to catabolism in animals and incorporation into DNA 
[131–134], indicating the potential of FMAU as tumor proliferation marker [135].

3.1.3  Tracer for Imaging Tumor Hypoxia

Tumor hypoxia is the situation where tumor cells have been deprived of oxygen. 
As a tumor grows, it rapidly outgrows its blood supply, leaving portions of the 
tumor with regions where the oxygen concentration is significantly lower than in 
healthy tissues. Hypoxic tumor cells usually resistant to radiotherapy and chemo-
therapy [136]. In addition, tumor hypoxia promotes angiogenesis through the induc-
tion of pro-angiogenic factors such as the vascular endothelial growth factor [137].

For radiotracer based hypoxia imaging, there are generally two approaches. One is 
based on the intracellular retention of nitroimidazoles [138, 139] such as [18F]fluoromi-
sonidazole ([18F]FMISO) or [18F]fluoroazomycin arabinoside following transmem-
brane diffusion and reduction to a radical form by ubiquitous nitroreductases. Under 
hypoxic conditions, these radicals cannot be reoxidized, which results in a binding to 
intracellular macromolecules, preventing back diffusion across the cell membrane. 
A subtle adjustment of the redox potential is a prerequisite for these tracers [140].

Another approach is based on a radioactive copper (60Cu, 62Cu, 64Cu) complex 
with diacetyl-bis-N4-methylthiosemicarbazone (ATSM). Although the targeting and 
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retention mechanisms have not been fully understood, the reduction of Cu (II) to Cu 
(I) has been identified as the crucial step [141–144].

[18F]FMISO is the prototype hypoxia imaging agent and has been widely used for 
hypoxia image in both pre-clinical and clinical studies [145]. Its high partition coef-
ficient leads to homogeneous uptake in most normal tissues [146]. [18F]FMISO accu-
mulates in tissues by binding to intracellular macromolecules when pO2 < 10 mmHg 
and the retention profile depends on nitroreductase activity and accumulation in 
hypoxic tissues over a range of blood flows, including within the intestinal lumen 
where it is retained in anaerobes [147]. Due to its hydrophobicity, the blood clearance 
is slow, causing low tumor-to-background ratio, which gives rise to the search of 
more hydrophilic radiolabeled nitroimidazole derivatives such as [18F]fluoroeryth-
romisonidazole ([18F]FETNIM) [148], [18F]fluoro- azomycinarabinofu ranoside ([18F]
FAZA) [149], [18F]-fluoroetanidazole ([18F]-FETA) [150] and 2-nitroimidazole [18F]
EF5 [151, 152] etc. In addition, some SPECT based tracers ([99mTc]N2IPA) have also 
been developed for tumor hypoxia imaging and showed promising results [153, 154].

The pre-clinical applications of Cu-ATSM in tumor hypoxia imaging have been 
evaluated many times due to its high specificity and enhanced sensitivity [144]. 
Its retention mechanism in hypoxic tissues is largely attributed to the low oxygen 
tensions and the subsequently altered redox environment of hypoxic tumors 
(increased NADH levels) [155, 156]. Additionally, 60Cu-ATSM can be used as a 
predictor of response and survival in patients after tumor chemoradiotherapy [157]. 
Recently, a combination of glucose-ATSM labeled with 64Cu ([64Cu]ATSE/A-G) 
showed improved hypoxic/normoxic uptake ratio in vivo with remained hypoxia 
selectivity in vitro [158].

3.1.4  Tracer for Imaging Tumor Receptors

Tumor receptors imaging offers complementary information including evaluation 
of the entire tumor burden, as well as characterization of the heterogeneity of tumor 
receptor expression. The common to all receptor imaging is the receptor-ligand 
interaction where the specific binding of ligand to the receptor results in down-
stream biochemical or physiologic changes [159, 160]. The nature of the ligand- 
receptor interaction poses a challenge for imaging the requirement for a low 
molecular concentration of the imaging probe with high affinity to acquire sufficient 
target-to-background ratio, which makes the nuclear imaging probe (PET/SPECT) 
the best candidate for tumor receptor imaging [161].

Many intracellular and cell-surface receptors are up-regulated in cancer cells. 
In general, small ligands, peptides, as well as larger proteins such as antibodies and 
their fragments, have been radiolabeled as tracers to target specific tumor receptors. 
To target potential receptors, it would be optimal to use tracers that have high affinity 
for the target receptor and a minimal background accumulation. This could be achieved 
by lowering tracer’s lipophilicity. In addition, the specific activity of the radiotracer 
is critical for imaging tumor receptor due to the low receptor population on cell sur-
face, especially for the small molecule based tracers. The most recent applications of 
radiotracers targeting a variety of tumor receptors are listed in Table 9.4.
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Table 9.4 Representative applications of radiotracer imaging of tumor receptors

Receptor Imaging probe Tumor Modality References

Peptide
GRP-R [68Ga]bombesin Prostate, breast SPECT [175]

[18F]BBN-RGD PET [176]
[68Ga]NOTA-BBN-RGD PET [177]

CCK-2 [111In]DOTA-sCCK8 Thyroid, lung SPECT [178]
[99mTc]EDDA/HYNIC-MG11 SPECT [179]

GLP-1-R Lys40(Ahx-DTPA-111In)NH2exendin-4 Pancreas, prostate SPECT [180]
[123I]GLP-1 SPECT [181]

NPY-R [111In][Lys(DOTA)4, Phe7, Pro34]NPY Breast, ovary SPECT [182]
NT-R1 [99mTc]NT-XIX Pancreas, brain SPECT [183]

[99mTc]Demotensin 4 SPECT [184]
NK1 [11C]R116301 Glial tumor PET [185]

[18F]FE-SPA-RQ PET [186]
VPAC1 [64Cu]TP3939 Breast, ovary PET [187]

[18F](R8,15,21, L17)-VIP PET [188]
[64Cu]TP3982 PET [189]
[99mTc]TP3982, 99mTc-TP3654 SPECT [189]

MC1R [111In]DOTA-Re-(Arg11)CCMSH Skin SPECT [190]
[99mTc](Arg11)CCMSH SPECT [190]
[64Cu]CBTE2A-Re(Arg11)CCMSH PET [191]
[68Ga]DOTA-ReCCMSH(Arg11) PET [192]

sst2 [64Cu]CB-TE2A-Y3-TATE Pancreas, lung PET [168]
Gluc-S-Dpr([11C]MBOA)-TOCA PET [193]
Gluc-S-Dpr([18F]FBOA)-TOCA PET [194]
[99mTc/EDDA/tricine/HYNIC]NATE SPECT [166]
[67Ga]KE88 SPECT [167]
Small molecule

Sigma [18F]WC59 Liver, kidney PET [195]
[76Br] 1 and [76Br] 2 PET [196]
[18F]SA4503 PET [197]
[123I]BPB SPECT [198]

Folate [64Cu]TETA-SCK-folate Kidney, placenta PET [41]
[18F]click-folate PET [199]
[99mTc]EC20 SPECT [200]

ER CpT[94mTc] Ovary, uterus PET [201]
[99mTc]GAP-EDL SPECT [202]

PR [76Br]Progestin 16α, 17α-dioxolane Breast, prostate PET [76]
AR 7α-[18F]FM-DHT/7α-18F-FM-norT Prostate PET [203]

[18F]FMDHT PET [204]
Monoclonal antibody and fragment

HER2 [111In]DTPA-trastuzumab Skin SPECT [205]
[99mTc]ZHER2:2,395-Cys SPECT [206]
[18F]FBEM-Z(HER2:342) PET [207]
[18F]FBO-Z(HER2:477) PET [208]
[124I]PIB-Z(HER2:342) PET [209]
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In small molecule imaging, one of the most extensively studied systems is 
radiolabeled steroid for targeting hormone-receptor-positive tumors. The steroid 
receptors are proteins located in both the cytoplasmic and nuclear fractions of the 
cell. Steroid hormones such as progestins, estrogens, and androgens are likely to 
influence carcinogenesis since they have profound effects on cellular proliferation, 
and up-regulation of steroid receptors may have clinical implication. Therefore, 
various radiolabeled small molecules such as [18F]FES have been developed to 
image the steroid receptors such as estrogen receptor (ER), androgen receptor (AR), 
as well as progesterone receptor (PgR). The imaging applications of these receptors 
have been discussed by the author elsewhere [162].

For the peptide-based nuclear probe for tumor imaging, the receptors for regula-
tory peptides are over-expressed in a variety of cancers, which is the molecular basis 
for in vivo imaging. Among all the peptide-based probes, the somatostatin-derived 
SPECT/PET tracers designed to image the sst2-overexpressing neuroendocrine 
tumors, have enjoyed almost two decades of successful development and extensive 
clinical applications [163]. Since the commercialization of [111In-DTPA0]octreotide 
(111In-pentetreotide, octreoscan), a number of SPECT tracers such as [99mTc]
Depreotide have been developed for sst receptors imaging [164, 165]. Lately, more 
PET isotopes (64Cu, 11C, 18F, 68Ga) have been conjugated to sst analogs and investi-
gated for tumor diagnosis due to the achievable high specific activities and sensitivi-
ties [166–170].

Antibodies are also potential tracers targeting cell-surface receptors. Although 
primarily exploration for tumor imaging initialized with gamma emitters conju-
gated with monoclonal antibodies, efforts have been recently focused in the system-
atic construction of engineered antibody fragments such as HER2 fragment with 
PET isotopes for tumor receptor imaging due to the rapid blood clearance, improved 
target-to-background ratio and high sensitivity [171].

3.2  Cardiovascular Imaging

The goal of cardiovascular imaging is to detect and quantify at the molecular and 
cellular level the pathways that regulate heart and blood vessel function, and to 
understand abnormalities in these pathways. Current methods for imaging the car-
diovascular system, such as CT, MRI, and ultrasound focus predominantly on ana-
tomical and bulk functional measurements (e.g., flow, perfusion, and wall motion). 
In contradistinction to “classical” diagnostic imaging, molecular imaging probes 
the molecular abnormalities that are the basis of disease rather than imaging the 
result of these molecular alterations. In this section, we will focus on the recent 
development of nuclear imaging probes on atherosclerosis, angiogenesis, apoptosis, 
cardiac receptor, and reporter gene imaging etc [172].
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3.2.1  Tracer for Imaging of Atherosclerosis

The development of atherosclerotic plaques is a process of complex, consecutive, 
and interacting steps involving chemokines, the up-regulation of adhesion mole-
cules, recruitment of inflammatory cells to the arterial wall, transmigration of these 
cells, and the development of lipid-laden macrophages (the so-called foam cells) 
from invading monocytes. With the identification of the distinct mediators and regu-
lators in the cascade of atherosclerosis, non-invasive radionuclide-based molecular 
imaging probes have been developed such as lipoproteins, components of the coag-
ulation system, cytokines, and mediators of the matrix-metalloproteinase (MMP) 
system, cell receptors and even whole cells [173]. A review of radionuclide based 
approaches for atherosclerosis imaging has been published elsewhere [174].

Due to the high metabolic activity of the atherosclerotic plaque, [18F]FDG has 
been widely used for plaque inflammation imaging [210, 211]. A recent study 
showed high aortic uptake-to-blood ratio in atherosclerotic rabbit model and corre-
lation to the macrophage content [212]. However, a potential limitation of coronary 
atherosclerotic plaque imaging of [18F]FDG is the poor target-to-background ratio 
due to the high myocardial background uptake. In addition, [18F]choline has also 
been used for murine plaque macrophage imaging [213]. But, the atherosclerotic 
lesion uptake was low [214].

Low density lipoprotein (LDL) based nuclear tracers had been extensively stud-
ied for atherosclerosis imaging. Although focal accumulation could be observed for 
the radiotracers ([123I]LDL, [99mTc]LDL etc) on the atherosclerotic lesion, the target-
to- background ratio was always hampered by the slow clearance of the tracer [215].

Annexin A5 labeled with 99mTc remains the most largely studied radiotracer for ath-
erosclerotic plaque imaging. The feasibility of [99mTc]Annexin A5 imaging apoptosis/
macrophage burden in atherosclerotic lesion of animal model has been demonstrated in 
various animal models showing positive correlation [216]. A recent study indicated that 
[99mTc]Annexin A5 might possibly have a greater potential than [18F]FDG as an indica-
tor of last stage, vulnerable plaques as compared with early lesions [217].

Lately, radiolabeled cells (monocytes/macrophages) have also been used for ath-
erosclerotic plaque imaging. An [111In]oxine monocytes study showed avid mono-
cytes recruitment to plaques within days of adoptive transfer and created new insights 
into the pathogenesis of atherosclerosis and other inflammatory diseases [218]. 
In addition, a 64Cu labeled nanostructure showed improved sensitivity and direct 
 correlation of PET signal with an established macrophage biomarker (CD68) [219].

Additionally, some probes are also developed to target the molecules expressed 
by the endothelial/smooth muscle cells during the progression of atherosclerosis 
plaque, such as vascular cell adhesion molecule-1 ([99mTc]VCAM-1), with satisfac-
tory sensitivity [220].

3.2.2  Tracer for Imaging of Angiogenesis

Angiogenesis is a complex multistep process and usually has four different phases, 
endothelial cell activation, basement degradation, endothelial cell migration, and 
vessel formation and stabilization. During the phase transformation, a number of 
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molecular targets have been employed to image angiogenesis such as vascular 
endothelial growth factor (VEGF), extracellular matrix (ECM), matrix metallopro-
teinases (MMP), αvβ3 integrin etc [221].

The angiogenic actions of VEGF are mainly mediated via two endothelium- 
specific receptor tyrosine kinases, VEGFR-1(Flt-1/FLT-1) and VEGFR-2 (Flk-1/
KDR), leading to VEGF/VEGFR pathway a new paradigm for assessing the both 
tumor and ischemia induced angiogenesis [222, 223]. VEGFR imaging with differ-
ent VEGF isoforms (VEGF121, VEGF165 etc) initialized from the γ-emitters (111In, 
99mTc etc) with SPECT [224]. Recently, more PET based tracers have been investi-
gated due to the improved sensitivity [225]. For example, [64Cu]DOTA-VEGF121 
showed high (15%ID/g) and specific uptake in small U87MG tumor [226]. In mouse 
hindlimb ischemia model, this tracer showed significantly higher accumulation at 
injury site in contrast to the control site [227]. Lately, a VEGFR-2 specific tracer, 
VEGFDEE offered comparable uptake to VEGR121 in 4T1 tumor model but much 
lower kidney burden [228].

Extracellular matrix based tracers for angiogenesis imaging were majorly 
focused on the radioiodine isotopes. A recent study showed [123I]L19(scFv)(2) was 
able to distinguish between quiescent and actively growing lesions with no side 
effects observed, indicating the potential as angiogenesis marker [229].

Matrix metalloproteinases family has five members, collagenases, gelatinases, 
stromolysins, membrane type (MT)-MMPs, and nonclassified MMPs. Among 
them, gelatinases MMP-2 and MMP-9 are consistently detected in malignant tissue 
and their expressions correlate with tumor aggressiveness and metastatic potential. 
Thus, great efforts have been made to develop MMP inhibitors [230].

In general, there are two approaches to target MMP. One is peptide-based inhibi-
tors and the other one is small molecule-based inhibitors [231]. Using phage display 
libraries, a disulfide bridged decapeptide (CTTHWGFTLC) was found which selec-
tively inhibits MMP-2 and MMP-9 [232]. Therefore, a number of tracers (125I, 99mTc, 
64Cu) based on this peptide have been investigated. However, all the tracers suffered 
the low metabolic stabilities and high lipophilicities, resulting in moderate uptake in 
tumor but high accumulation in liver and kidney [233–235]. Recently, an [111In]
DTPA labeled CTT showed reduced uptake in non-target organs and significant cor-
relation between tracer accumulation in tumor as well as tumor-to-blood ratio and 
gelatinase activity [236].

A lot of small molecule MMP inhibitors have also been developed for anti cancer 
therapy. Based on CGS27023A, a broad range of MMP inhibitors belong to the 
family of N-sulfonylamino acid derivatives. With 11C/18F labeling, these tracers 
showed great binding affinity to MMP with μM to nM level IC50 observed [231]. 
In addition, biphenylsulfonamide derivatives were also prepared as radiotracers. 
(S)-2-(4′-Methoxybiphenyl-4-sulfonylamino)-3-methylbutyric acid and CGS 
25966 exhibited high inhibitory activities for MMPs with nM level IC50. However, 
most of these tracers showed low tumor uptake and poor tumor-to-background 
ratios in various animal models [230, 237, 238].

Integrins are heterodimeric transmembrane glycoproteins that function in cellu-
lar adhesion, migration and signal transduction. Up to now, 18α and 8β subunits 
have been described, which assemble into more than 20 different receptors. Among 
them, the αvβ3 integrin is significantly up-regulated on activated endothelial cells 
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during angiogenesis but not on quiescent endothelial cells. A common feature of 
many integrins like αvβ3 is that they bind to extracellular matrix proteins via the 
three amino acid sequence (Arginine-Glycine-Aspartic Acid, RGD). Due to its 
important role in tumor angiogenesis, imaging the expression of αvβ3 has become a 
popular topic recently, and was reviewed elsewhere [239–242].

In general, there are three approaches for αvβ3 targeting with various radiolabeled 
RGD peptides. The first strategy is to use the monomeric radiolabeled RGD peptide. 
It was reported that the cyclic RGD pentapeptide Arg-Gly-Asp-D-Phe-Val (cRGDfV) 
was a 100-fold better inhibitor of cell adhesion to vitronection than the linear variant 
and had an affinity for αvβ3 in the nanomolar range [243]. However, some of the RGD 
radiotracers would cause heavy burden in liver and intestine, resulting in different 
strategies to improve the pharmacokinetics, although the tracers showed receptor-
specific tumor uptake [244]. One approach is to conjugate sugar derivatives to the 
ε-amino function of a corresponding lysine in the peptide sequence, such as [18F]
galacto-RGD. With the retention of specific binding in vitro, an improved pharmaco-
kinetics with dominant renal clearance pathway was observed [245]. In addition, 
some bifunctional chelators (DTPA/DOTA) have also been introduced via a lysine to 
chelate radioactive metals such as 111In, 99mTc, 64Cu etc. Among them, the 99mTc 
labeled RGD peptide (NC100692) showed high uptake in neovascularization area 
expressing αvβ3. The subsequent study confirmed the localization of binding on the 
endothelial cells [246]. Another interesting tracer is [64Cu]DOTA-MEDI-522 which 
showed high tumor accumulation in U87MG tumor model and receptor mediated 
uptake [247]. In addition, the cross-bridge chelator, [64Cu]-CB-TE2A- c(RGDyK) 
was compared to [64Cu]-diamsar-c(RGDfD) for targeting αvβ3 in M21 tumor model 
due to its improved blood, liver and kidney clearance. The results showed that [64Cu]-
CB-TE2A-c(RGDyK) had higher tumor uptake in contrast to [64Cu]-diamsar-
c(RGDfD) due to the different linkers, charges and lipophilicities [248].

Another approach is the introduction of hydrophilic d-amino acids into the RGD 
sequence, such as [18F]dAsp3-RGD. In contrast to [18F]galacto-RGD, although the 
tumor uptake was low due to the fast clearance, the tumor-to-background ratio ben-
efitted from that and showed comparable results.

The binding between αvβ3 integrin and RGD-containing ECM-proteins involves 
multivalent binding sites with clustering of integrins. In order to improve the binding 
affinity, multimeric cyclic RGD peptide could be used and provide more effective 
antagonist with enhanced targeting capability and cellular uptake. The validity of this 
concept was demonstrated by labeling divalent and tetravalent scFv’s of mAb CC49 
with 99mTc ([99mTc]-[sc(Fv)2]2) and the results showed threefold higher tumor uptake 
than [99mTc]-sc(Fv)2 [249]. By pegylation and polyvalency, the dimer of [18F]
FB-E[c(RGDyK)]2 showed almost twice as much tumor uptake as its monomer 
[250]. In another study, the tetrameric [99mTc]RAFG-RGD showed significantly 
higher αvβ3 binding affinity compared with the monomer and dimer [251]. Based on 
these, a systematic study on the influence of multimerization on receptor affinity and 
tumor uptake was carried out with monomeric, dimeric, tetrameric and octameric 
RGD peptides both in vitro and in vivo. The results showed increasing binding affin-
ity and tumor uptake along with the multimerization from monomer to octamer [239].
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Recently, the nanoparticle based imaging probe has drawn more attention in 
targeting αvβ3 in tumor angiogenesis due to the multi-functionalities [239, 252]. 
In a recent study, an [111In]-labeled perfluorocarbon nanoparticles (approximately 
250 nm, ten 111In per particle) was used to target αvβ3 in a Vx-2 rabbit model. 
At 18 h, the mean tumor activity of the targeting nanoparticles was fourfold higher 
than the non-targeted control particles [253]. In consideration of the size of the 
nanoparticle, the stealth property and tunable chemistry to adjust the blood circula-
tion of nanoparticle in vivo, a biodegradable dendrimer (approximately 12 nm) con-
jugated with RGD peptide was synthesized, labeled with 76Br and tested in murine 
hindlimb ischemia model. The in vitro binding assay showed a 50-fold enhance-
ment of the affinity to αvβ3 integrin receptor with respect to the monovalent RGD 
peptide. The in vivo pharmacokinetics studies exhibited no specific organ accumu-
lation and fast clearance through urine and feces. The PET imaging studies showed 
significantly higher uptake at injured site with the targeted dendrimer than that of 
non-targeted dendrimer, indicating the potential implication of this nanoprobe in 
imaging and therapy [254].

3.2.3 Tracers for Imaging Cardiac Receptor

Various cardiac receptors have been identified as playing a role in cardiovascular 
pathophysiology and thus represent attractive targets for imaging. In general, mus-
carinic and adrenergic receptors are the major receptors investigated for both PET 
and SPECT imaging.

Musccarinic receptor was the first myocardial receptors targeted with PET [255], 
and has several subtypes (M1–M5) [162]. The antagonist of muscarinic, methylqui-
nuclidinyl benzilate (MQNB) has been labeled with 11C and showed specific bind-
ing to muscarinic receptor [162]. In addition, some other radiotracers have also been 
developed to target the receptor such as (R)-[11C]VC002, [11C]butylthio-TZTP, [18F]
FP-TZTP etc [256]. However, the major applications of these tracers are brain 
imaging with only limited application in cardiac imaging. Based on [18F]FP-TZTP, 
a series of TZTP derivatives was labeled with 11C to monitor the effect of structural 
variations on the pharmacokinetics and behavior in blood and seek the possibility of 
using [11C]FP-TZTP as an alternative for [18F]FP-TZTP [257]. More recently, with 
a modified precursor, a new radiosynthesis method has been optimized offering 
comparable specific activity to previous study but 10 % higher radiochemical yield 
and 25 min shorter synthesis time for [18F]FP-TZTP [258, 259].

The adrenergic system plays the major role in modulation of heart rate and con-
tractility. The adrenergic signaling is initiated by the binding of the adrenergic ago-
nists, norepinephrine, and epinephrine, to adrenergic receptors. There are three 
types of adrenergic receptors, alpha 1, alpha 2, and beta receptors and each of these 
has several sub-types. The selection, design and evaluation of radiotracers for PET 
studies of these receptors were reviewed elsewhere [260].

The nuclear imaging of cardiac α1 receptor initiated from 11C labeled prazosin 
which showed high selectivity and homogenous uptake, but high non-specific 
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binding as well. By changing the lipophilicity (log P = 3) of the tracer, the prazosin 
derivative [11C]GB67 showed high selectivity and uptake in myocardium [261]. 
However, alpha1 density was reported to be ten times higher in rat heart compared 
to that in man. In order to transfer the tracer to clinical study, a recent study in pig 
was performed and showed specific binding of [11C]GB67 to myocardial α1 recep-
tor accounted for approximately 50 % of volume of distribution, indicating the 
potential of this tracer in clinical study [262].

The imaging studies on adrenergic alpha 2 receptors are mostly concentrated on 
brain and almost all the tracers suffering the low uptake and non-specific binding in 
lung and heart [162].

For the beta receptors, in myocardium the β1-subtype predominates in concentra-
tion over the β2-subtype although both have important functions. (S)-[11C]CGP 
12177 is a widely studied tracer for selectively imaging beta receptor but not selec-
tive for β1 over β2 subtype due to the low lipophilicity (log P = 1.8) and high affinity 
(pKD = 9.91, for the S-enantiomer) [263]. Due to the cumbersome synthesis of [11C]
phosgene, the isopropyl analogue (S)-[11C]CGP 12388 was developed and showed 
little non-specific binding and radioactive metabolites in plasma, indicating the 
potential for clinical application [264]. In order to offer better cardiac imaging, 
some selective β1 receptor ligands such as [123I]ICI89406 have also been studied. 
However, this tracer suffered the fast dehalogenation in vivo [265]. For the β2 selec-
tive tracer, the [18F]FEFE showed specific binding both in vitro and in vivo [266, 
267]. More recently, a lot of effort has been put in the search for new radiotracer 
imaging β receptors. However, none of them could show the applicability in clinical 
study due to the slow clearance and non-specific binding [268, 269].

3.2.4 Tracers for Imaging of Apoptosis

Cell death is central to normal physiology and numerous disease states. In general, 
it can be characterized as apoptosis (programmed cell death) and necrosis (acciden-
tal passive and unregulated form of cell death) [270, 271]. Apoptosis and necrosis 
seem to have different biochemical, morphological and physiological characteris-
tics. However, the two processes of cell death are not so far separated from each 
other [268]. In molecular imaging, apoptosis probes can either bind to externalized 
phospholipids at the cell membrane or inside the cells to enzymes like caspases. 
Imaging of necrosis is mainly based on the loss of the cell membrane integrity 
allowing exchange of macromolecules between the intracellular and extracellular 
environment. In this section, we mainly focus on the imaging of apoptosis.

Apoptosis plays an essential role in the development and maintenance of a mul-
ticellular organism and contributes to both normal physiology and pathology. This 
highly regulated and genetically defined cellular process forms the main mechanism 
by which cells die, both in healthy and diseased tissue. During the apoptotic pro-
cess, some potential targets (phosphatidylserine (PS) and phosphatidylethanol-
amine (PE) aminophospholipids, caspase-3, -7, -8, and -9 etc) will be exposed for 
molecular imaging due to the specific biochemical changes, which propels the 
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development of imaging probe to assess the pathogenesis of various cardiovascular 
diseases, as well as tumor response to cancer therapy [272].

Cells undergoing apoptosis signal their neighbors by expressing PS on the exter-
nal leaflet of the cell membrane, which leads to the application of annexin V based 
radiotracer for imaging apoptosis. Annexin V (MW ≈ 36 kDa) is an endogenous 
human protein and binds to rafts of PS exposed on a cell’s surface with internaliza-
tion via a newly discovered unique pathway of pinocytosis [273]. Annexin V has 
been radiolabeled with 125I, 124I, 18F, 68Ga, and 99mTc etc for imaging. Among them, 
the [99mTc]N2S2-rh-annexin has been widely studied in cardiovascular disease mod-
els and gone into clinical trials [273–275]. However, due to the cumbersome label-
ing procedure, a bifunctional agent hydrazinonicotinamide (HYNIC) has been 
selected to improve the labeling. In a mouse tumor model, the potential of [99mTc]
HYNIC-Annexin V in imaging apoptosis after systematic chemotherapy was evalu-
ated. The tumor uptakes in the treated mice were significantly higher than those in 
the control group, indicating the great potential of this agent for imaging apoptosis 
in response to treatment in a thymoma tumor bearing mouse model [276]. In addi-
tion, [99mTc]HYNIC was conjugated to a murine anti-MUC1 monoclonal antibody 
(RP81) and showed specific accumulation at tumor and minimum uptake at non- 
target organs [277]. Yet, it accumulates in the cortex of kidney, limiting the visual-
ization of any paranephric structures [278]. Alternatively, a number of annexin 
mutants such as V117 and V128 have been developed [279, 280]. With the site- 
specific modification at the N terminus, [99mTc]annexin-V128 showed twice as 
much apoptosis-specific liver uptake as did all forms of annexin V derivatized ran-
domly via amino groups, and 88 % less renal retention [281]. Recently, a site- 
specific labeled [18F]annexin-V128 radiotracer was developed and showed 
satisfactory binding affinity, suggesting its potential in apoptosis imaging [282].

Apart from Annexin V, a smaller PS targeting agent based on the C2A domain 
(14.2 kDa) of another vesicle associated protein, synaptotagmin-I has been labeled 
with 99mTc. The tracer uptake was clearly observed in the area at risk due to the 
specific binding and passive leakage [283]. In non-small cell lung tumor model, the 
tracer uptakes of treated group were significantly higher than that of control group. 
The radiotracer uptake was positively correlated to the apoptotic index, as well as 
caspase-3 activity [284]. In addition, some peptide based tracer such as duramycin 
with high binding affinity to the head group of phosphatidylethanolamine has also 
been developed. The in vivo studies showed more than 30-fold enhancement of 
[99mTc]duramycin uptake in apoptotic cells with respect to the control cells [285].

Besides the PS targeting probes, a number of small molecule based tracers target-
ing the caspase-3/-7 have also been synthesized and tested in vivo. An isatin sulfon-
amide analog, WC-II-89 was labeled with 18F and showed high uptake in the rat liver 
with chemically induced apoptosis in contrast to the control group [97]. Based on 
[18F]WC-II-89, a 11C labeled tracer WC-98 showed retained activity in liver and 
good correlation with caspase-3 enzyme activity [97]. Furthermore, an 18F labeled 
5-fluorophentyl-2-methyl-malonic acid ([18F]ML-10) was developed to target the 
membrane of the apoptotic cell. The in vivo studies showed high uptake in the 
region of interest of the infarct and good correlation with histologic results [286].

9 Advances in Radiotracer Development for Molecular Imaging



296

3.2.5 Tracers for Imaging of Reporter Gene

Reporter genes are nucleic acid sequences encoding for easily assayed proteins. 
Reporter gene imaging is the indirect imaging strategy and the prerequisite is the 
pre-delivery of a reporter gene to the target tissue by transfection or transduction. 
It usually includes transcriptional control components that can function as “molecu-
lar genetic sensors” that initiate reporter gene expression [287]. A general paradigm 
for non-invasive reporter gene imaging using radiolabeled probe was initialized 
from 1995 [288]. Then, this strategy has been widely used for reporter gene imag-
ing, therapeutic gene imaging, monitoring gene therapy, and imaging biological 
processes etc. The summaries of reporter gene/probe system have been reviewed 
elsewhere [289, 290]. Some representative examples of reporter gene systems are 
listed in Table 9.5.

Herpes simplex virus type 1 thymidine kinase (HSV1-tk) is the most widely used 
reporter gene for radiotracer-based molecular imaging, and has been used as a thera-
peutic “suicide” gene in clinical anti-cancer gene therapy trials as well as a research 
tool in gene targeting strategies. In general, the substrates served as PET/SPECT 
reporter probes for HSV1-tk can be classified into two main categories: pyrimidine 
nucleoside derivatives, such as FIAU (5-iodi-2′-fluoro-2′-deoxy-1-β-D-arabino- 
furanosyl-uracil) and FEAU (2′-fluoro-2′-deoxyarabinofuranosyl-5-ethyluracil) [298], 
and acycloguanosine derivatives, for example FPCV (fluoropenciclovir) [299] and 
FHBG (9-[4-fluoro-3-(hydrommethyl) butyl] guanine) [300] etc. In a recent study, 
some 18F labeled 5-[18F]fluoroalkyl pyrimidine nucleosides have also been devel-
oped for HSV1-tk imaging. However, most of these imaging probes suffered the low 
sensitivity [291]. In order to improve the sensitivity, a mutant HSV1TK (HSV1-
sr39tk gene), was derived using site-directed mutagenesis to obtain an enzyme more 
effective at phosphorylating ganciclovir (GCV) with consequent gain in imaging 
signal. It has been reported that the combination of [18F]FHBG and HSV1-sr39tk is 
the most effective PET system [290].

HSV1-tk and HSV1-sr39tk are nonhuman genes and pose a small risk of gener-
ating an immune response against cells and tissue transduced with these genes, 
although in some cancer applications an immune response may be desirable. 
Alternatively, human thymidine kinase 2 (hTK2) can be used to reduce the risk. The 
pre-clinical studies have shown the levels of FIAU accumulation in cells expressing 

Table 9.5 Representative examples of probe for reporter gene imaging

Reporter type Tracer Reporter gene Application References

Enzyme [18F]FPrDU HSV1-tk PET [291]
[18F]-FHBG HSV1-sr39tk PET [292]
[124I, 18F]-FIAU Human mitochondrial TK PET [293]

Receptor [125I]IBF D2R SPECT [294]
[18F]FES-hERL Estrogen receptor PET [295]
[94mTc]-Demotate SSTr PET [296]

Transporter 99mTcO4
− NIS SPECT [297]
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DeltahTK2 and DeltahTK2 GFP was at least tenfold higher than in wild-type cells 
in vitro and about six times higher in vivo, indicating the potential of imaging 
DeltahTK2 reporter gene expression [293].

The dopamine 2 receptor (D2R) gene has also been used as an imaging reporter 
gene on the cell surface in the form of receptors. A widely used nuclear probe is 
[18F]fluoroethylspipersone (FESP), which showed significant uptake at areas 
expressing D2R gene. Recently, an 125I labeled probe [125I]5-iodo-7-N-[(1-ethyl-2- 
pyrrolidinyl)methyl]carboxamide-2,3-dihydrobenzofuran ([125I]IBF) was devel-
oped and showed correlation (r = 0.900, P < 0.001) between areas that expressed 
HA-D(2)R by immunostaining and areas in which [125I]IBF accumulated [294].

Similarly, estrogen receptor is also used as a PET gene. Recently, an 18F labeled 
estradiol and human estrogen receptor ligand (hERL) binding domain has been 
developed and high FES uptake accompanied by hERL and hTP expression was 
obtained both in vitro and in vivo by the test adenovirus infection [295]. Additionally, 
the human somatostatin receptor subtype 2 (hSSTR2) gene has also been suggested 
as a potential reporter gene for human studies due to its limited expression on car-
cinoid tumors. A recent study showed high affinity and in vivo tumor uptake [296].

The sodium iodide symporter (NIS) is expressed primarily on the basolateral 
membrane of thyroid epithelial cells, and at low levels in some other organs such as 
salivary glands etc. The NIS can transfer a lot of anions into cells such as 
99mTcO4

−[290]. A recent study showed the tracers (99mTcO4
−/124I) accumulation in 

vitro and clear vision at the locations injected with cells [297]. A further discussion 
of the NIS has been published elsewhere [301].

3.3  Brain Imaging

The brain is a vastly complex organ, with numerous functions that are inadequately 
assessed with anatomical imaging such as MRI. Functional brain imaging, for 
example nuclear imaging, can detect the neurological abnormalities beyond the 
confines of structural deterioration with trace amount of radiotracer. The roles of 
functional PET/SPECT played in brain research include a broad range of issues 
such as regional cerebral functions, molecular metabolism, receptor binding capac-
ity, monitoring pathophysiological processes etc. In this chapter, we only focus the 
recent radiotracer development in imaging Alzheimer’s disease.

Alzheimer’s disease (AD) is the most devastating neurodegenerative disorder. 
In 2006, the number of AD patients worldwide was approximately 26.6 million. 
A recent study showed that the overall estimate of the doubling time was 5.5 years, 
which meant 8 years later from now, the total number of patients will be more than 
100 million globally [302]. Therefore, there is an urgent need to develop sensitive 
and specific imaging technique to reduce the diagnostic uncertainty. So far, a lot of 
radiotracers have been developed as molecular imaging probes to target the bio-
markers in AD [303]. Besides the widely used [18F]FDG [304], due to the major 
pathological feature of β-amyloid in AD, a number of β-amyloid labeled nuclear 
imaging probes have been evaluated in the diagnosis of AD.
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The first attempt to image brain β-amyloid deposition in AD was reported in 
human using a 99mTc labeled monoclonal antibody fragment ([99mTc]10H3) target-
ing β-amyloid 1–28 (Aβ1–28). However, no cerebral uptake of the antibody was 
observed, possibly due to the cross reaction of the 10H3 with another protein [305]. 
However, this first study was instructive for the subsequent efforts. Currently, for 
the development of β-amyloid tracer, a set of selection criteria is established (a) a 
high affinity and selectivity for the target β-amyloid structure; (b) a low molecular 
weight compound (MW < 400 ) and medium lipophilicity (log P in the range of 1–3) 
to ensure a high initial brain uptake with rapid clearance from normal brain; (c) 
functional groups in the molecule for introduction of radionuclides; (d) high stabil-
ity of the PET/SPECT tracer in the brain as well as no brain uptake of peripherally 
generated metabolites of the tracer; (e) high availability of the tracer for clinical 
application; (f) appropriate half-life of the radionuclide to allow the clearance of 
non-specific binding and background [306].

So far, there are several radiotracers that have gone in clinical studies such 
as [18F]1,1-dicyano-2-[6-(dimethylamino)-2-naphtalenyl] propene ([18F]FDDNP), 
N-methyl [11C]2-(4′-methylaminophenyl)-6-hydroxy-benzothiasole ([11C]PIB), 4-N- 
methylamino-4′-hydroxystilbene ([11C]SB13), 2-(2-[-dimethylaminothizol-5- yl] 
ethenyl)-6-(2-[fluoro]benzoxazole ([11C]BF-227), and trans-4-(N- methylamino)-4ÅL-
{2-[2-(2-[18F]fluoro-ethoxy)-ethoxy]-ethoxy}-stilbene ([18F]BAY94-9172) etc [307].

In the search of small molecule based probe for amyloid imaging, there are 
some interesting structures discovered meeting the selection criteria, such as 
Congo red, thioflavin, stilbene and FDDNP etc [308]. Among these radiotracers, 
[11C]PIB is probably the most widely investigated radiotracer for β-amyloid imag-
ing. Therefore, many PIB analogues have been synthesized and evaluated. A recent 
study illustrated the specific in vitro binding of 11C labeled structural isomers of 
6-hydroxy-2-(4′-aminophenyl)-1,3-benzothiazole to amyloid plaques and high 
brain uptake and fast clearance kinetics, indicating the potential in clinical applica-
tion [309]. In another study, an 18F labeled PIB analogue 2-(4′-[18F]fluorophenyl)-
1,3- benzothiazole has been demonstrated to have high brain uptake at 2 min post 
injection (p.i.) (3.2 % ID/g) and fast clearance (0.21 % ID/g at 60 min p.i.), showing 
excellent preclinical characteristics comparable with those of the 11C-PIB [310]. 
In addition, some 18F-labeled 2-phenylbenzothiazoles have also showed promising 
pharmacokinetics in vivo. More importantly, [18F]5, or 6-methyl-2-(4′-[18F]fluoro- 
phenyl)-1,3-benzothiazole, seemed to be metabolically stable in the brain and little 
background signal from the plasma radiometabolites [311]. Furthermore, an auto-
matic radiosynthesis strategy has been recently established showing fast synthesis 
and high specific activity (20–60 GBq/μmol), indicating the prospective of this 
method for commercialization [312].

Another approach to develop new small molecule tracer for β-amyloid imaging is 
to synthesize stilbene derivatives by lowering the lipophilicity. The compounds [18F] 
3-{4-[2-(4-Dimethylaminophenyl)vinyl]phenoxy}-2-fluoromethyl-propan- 1-ol and 
[18F] 2-Fluoromethyl-3-{4-[2-(4-methylaminophenyl)vinyl]-ph-enoxy}propan-1-ol 
with log P = 3.13 and 2.94, respectively, showed high binding affinity and brain 
uptakes (5.55 and 9.75 % ID/g at 2 min), as well as the fast clearance [313]. 

Y. Liu and M.J. Welch



299

Alternatively, pegylation technique was also employed to increase the hydrophilicity. 
The results showed medium log P values (2.05 -2.52) and high brain uptake (6.6-
8.1 % ID/g) [314, 315].

Recently, an 18F labeled phenylacetylene derivatives 5-((4-(2-(2-(2-fluoro- 
ethoxy) ethoxy)ethoxy) phenyl) ethynyl)-1H-indole 14 has been reported with good 
binding affinity and initial brain uptake to β-amyloid plaque [316]. In addition, 
another 18F-labeled biphenylalkyne, AV-138 ([18F]AV-138) also showed some prom-
ising results in β-amyloid imaging [317].

[123I]-IMPY (6-iodo-2-(4′-dimethylamino-) phenyl-imidazo[1,2-a]pyridine) is 
another tracer going into clinical trial with SPECT imaging. In the effort of seeking 
new IMPY derivatives for β-amyloid imaging, a structure-affinity relationship was 
discussed shining insight into the topography of the binding site for IMPY-like 
ligands in β-amyloid plaques [318]. Based on this, a number of 6-thiolato- substituted 
2-(4′-N,N-dimethylamino)phenylimidazo[1,2-a] pyridines (RS-IMPYs; 1-4) 
labeled with 11C were synthesized and evaluated in vivo, showing the ratio of radio-
activity at maximal uptake in brain to that at 60 min reached 18.7 for 11C labeled 
methyl 3-(2-(4-(dimethylamino)phenyl) imidazo[1,2-a]pyridin-6-ylthio) propano-
ate, suggesting the necessity for further evaluation [319].

3.4  Other Imaging Targets

3.4.1 Tracers for Inflammation and Infection

Inflammation is the response of tissues to injury in order to bring plasma proteins 
and immune cells to the site of damage. This tissue damage can be caused by con-
tamination with a foreign species (bacteria, viruses, fungi, asbestos, and others) neo-
plasm or trauma. If the inflammation is due to contamination with microorganisms, 
the inflammation is referred to as an infection [320]. In clinical research, adequate 
delineation and diagnosis of inflammatory foci is of critical importance to enable 
clinicians to quickly apply the most appropriate treatment. Till now, there are some 
well established radiopharmaceuticals for infection/inflammation imaging such as 
67Ga citrate, radiolabeled white blood cells ([99mTc]hexamethyl-propylene amine 
oxime, [99mTc]HMPAO), radiolabeled anti-granulocyte antibody preparations 
([99mTc]anti-stage-specific embryonic antigen-1 IgM, [99mTc]anti-SSEA-1 IgM), and 
the most investigated tracer [18F]FDG [321]. However, each of the radiotracers has 
its own limitations, for example, the limited applicability of 67Ga citrate due to the 
physiological bowel uptake and the high radiation dose, the cumbersome preparation 
of labeling white blood cells, the diagnostic accuracy of radiolabeled anti- granulocyte 
antibody, and limited commercialization of [18F]FDG etc, which propel the search of 
new radiotracers for imaging infection and inflammation such as tracers targeting 
receptors expressed on the cells involved in the inflammatory processes.

Interleukin-8 (IL-8) is a small protein (MW = 8.5 kDa) and belongs to the chemokine 
(C-X-C motif) subfamily of the chemokines. IL-8 binds to both types of CXC receptors 
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(CXCR1 and CXCR2) on neutrophils with high affinity (Kd = 0.3–4 × 10−9 M). 
The pharmacokinetics analysis of [99mTc]IL-8 showed high accumulation of tracer in 
the inflamed tissue, mainly bound to peripheral neutrophils, suggesting a highly spe-
cific, neutrophil-driven process [322]. In a lung infection study, [99mTc]IL-8 was 
reported to enable early visualization of localization and extent of pulmonary infec-
tion with significantly higher uptake in lung with respect to the control animal [323]. 
Recently, a 99mTc labeled leukocyte-avid peptide- glycoseaminoglycan complex, 
[99mTc]P1827DS has been synthesized and evaluated in vivo, showing significant 
accumulation in abscess [324].

Leukotriene B4 (LTB4) is a potent chemoattractant that activates granulocytes 
and macrophages. It is involved as an important mediator in both acute and chronic 
inflammatory disease. LTB4 binds to leukotriene receptors BLT1expressed on neu-
trophils with high affinity, and BLT2 expressed more ubiquitously with low affinity. 
Recently, a LTB4 antagonist was reported to be able to reveal infectious and inflam-
matory foci in distinct animal models with high sensitivity. A following study 
revealed that [111In]DPC11870 accumulation in infectious and inflammatory foci 
was because of binding to LTB4 receptors expressed on activated hematopoietic 
cells that subsequently migrated to the site of infection, which led to visualization 
of the infectious lesions [325]. In addition, a 99mTc labeled LTB4 antagonist MB88 
was synthesized for infection imaging and showed superior characteristics relative 
to [111In]DPC11870 [326]. Recently, the LTB4 antagonist was also labeled with 18F 
and showed feasibility for infection imaging [327].

Furthermore, a number of 99mTc labeled antibody fragments have been developed 
for infection imaging such as [99mTc]ciprofloxacin [328], [99mTc]N-CPFXDTC 
[329], [99mTc]CFT [330, 331], [99mTc]UBI 29-41 etc, and discussed elsewhere [320].

3.4.2 Tracers for Cell Labeling

Direct visualization of cell migration patterns in vivo by means of nuclear imaging 
greatly assists the appraisal of a multitude of variable like production, administra-
tion and host associated with cell-mediated diagnosis and therapy [332]. Cell track-
ing has been employed as an important tool in many fields such as chronic 
inflammatory disease, rheumatoid arthritis etc. Recently, in vivo cell tracking of 
stem cells has become popular since evaluation of treatment efficacy requires quan-
titatively and qualitatively monitoring of administered cells [333].

The cell labeling with radionuclide started from leukocyte [334]. Currently, leu-
kocyte, monocytes, and stem cells are the widely investigated cells for radiolabel-
ing. In general, there are two labeling strategies, direct labeling and indirect labeling. 
For the direct labeling, [99mTc]hexamethylpropylene amino oxime ([99mTc]HMPAO), 
[18F]FDG, and [118In] hydroxyquinoline ([111In]-oxime) etc. have been widely used 
for pre-clinical and clinical studies and summarized elsewhere [335–337]. However, 
the applications have been limited by the stability of the labeled cells due to the 
cleavage process leading to incomplete trapping mechanism of the cell-ligand com-
plex, thus producing a signal from the labeled moiety distinct from that of the 
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labeled cell [338]. With regard to the indirect labeling, reporter gene system has 
been used for long term step cell monitoring [339]. However, the reporter gene 
technology requires genetic modification and it is unclear whether this may alter the 
cell function etc.

There is considerable effort being expended in searching suitable radiotracer for 
cell labeling with minimal chemical, physical or emission toxicity to the cell, and not 
affect cell’s nature. Recently, the lipophilic hexadecyl-4-[18F]fluoroben-zoate 
([18F]-HFB) was used to radiolabel rat mesenchymal stem cells (MSCs) by absorp-
tion into cell membrane. This tracer had cell labeling efficiency of 25 % , more than 
90 % cell retention over 4 h period, at least 90 % cell viability, and high specific 
activity (>3.7 GBq/μmol). The in vivo studies showed accumulation of radioactivity 
in the lung with no other organ observed on PET images, supporting the efficient 
retention of the radiolabel in the cells trapped in the lungs [340]. As a contrast, the 
non-selective agent N-succimidyl-4-[18F] fluorobenzoate ([18F]SFB) labeled den-
dritic cells did not show significant accumulation at the target organ and unexpected 
loss of the label from cells, possibly due to the metabolic release of the labeled alkyl-
ated moiety [341]. In addition, 64Cu-pyruvaldehyde-bis(N4- methylthiosemicarbazone) 
([64Cu]PTSM) has also been used for cell labeling and offered more efficient labeling 
relative to [18F]-FDG with no change to the viability or proliferation rate of cells in 
contrast to the unlabeled controls, indicating the potential of this tracer in imaging 
the cell migration [342]. More recently, [64Cu]polyethylenimine ([64Cu]PEI) had 
been compared to [64Cu]PTSM for U87MG cell labeling. Although the labeling effi-
ciency was lower, [64Cu]PEI had significantly higher tumor uptake than that of [64Cu]
PTSM. With the pegylation, [64Cu]PEI-PEG had decreased toxicity, higher tumor 
uptake, and better tumor-to-background contrast in U87MG xenograft model [343].

4  Summary

Nuclear imaging including PET and SPECT offers unique possibilities for highly 
sensitive in vitro and in vivo imaging applications, especially in the perspective of 
molecular imaging. Understanding the fundamentals of nuclear imaging and grasp-
ing the essentials of available imaging techniques is a must for researchers inter-
ested in the field. This chapter summarized the radionuclides used for PET/SPECT 
imaging, important concepts of radiotracer development, as well as brief descrip-
tion of state-of-the-art imaging applications. For more detailed discussions of the 
subject, the reader is kindly referred to the articles below.
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1  Introduction

Since the discovery of X-rays, imaging has been a vital component of clinical 
 medicine. Increasingly, in vivo imaging of small laboratory animals, i.e. mice and 
rats, has emerged as an important component of basic biomedical research as well. 
Historically, clinical and laboratory imaging modalities have often been divided 
into two general categories, structural (or anatomical) and functional (or physiologi-
cal). Anatomical modalities, i.e. depicting primarily morphology, include X-rays 
(plain radiography), CT (computed tomography), MRI (magnetic resonance imag-
ing), and US (ultrasound). Functional modalities, i.e. depicting primarily informa-
tion related to underlying genetics and metabolism, include (planar) scintigraphy, 
SPECT (single-photon emission computed tomography), PET (positron emission 
tomography), MRS/MRSI (magnetic resonance spectroscopy and spectroscopic 
imaging), fMRI (functional magnetic resonance imaging), and, in small animals, 
optical (i.e. bioluminescence and fluorescence) imaging modalities. The functional 
modalities form the basis of the rapidly advancing field of “molecular imaging,” 
defined as the direct or indirect non-invasive monitoring and recording of the spatial 
and temporal distribution of in vivo molecular, genetic, and/or cellular processes for 
biochemical, biological, diagnostic, or therapeutic applications [1].

Since information derived from multiple modalities is often complementary, e.g. 
localizing the site of an apparently abnormal metabolic process to a pathologic 
structure such as a tumor, integration of this information may be helpful and at times 
critical. In addition to anatomic localization of “signal” foci, image registration and 
fusion provide intra- as well as inter-modality corroboration of diverse images 
and more accurate and reliable diagnostic and treatment-monitoring information. 
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The problem, however, is that differences in image size and dynamic range, voxel 
dimensions and depth, image orientation, subject position and posture, and informa-
tion quality and quantity make it difficult to unambiguously co-locate areas of inter-
est in multiple image sets. The objective of image registration and fusion, therefore, 
is (a) to appropriately modify the format, size, position, and even shape of one or 
both image sets to provide a point-to-point correspondence between images and (b) 
to provide a practical integrated display of the images thus aligned. This process 
entails spatial registration of the respective images in a common coordinate system 
based on optimization of some “goodness-of-alignment,” or “similarity,” criterion 
(or metric). This chapter is a brief, largely non-mathematical review of the basics of 
image registration and fusion and of software approaches to three-dimensional (3D) 
image alignment and presents illustrative examples of registered and fused multi- 
modality images in laboratory settings. Hardware approaches (i.e. multi-modality 
instruments such as PET–CT scanners) [2] are discussed elsewhere in this volume.

2  General Principles of Image Registration and Fusion

The general image registration and fusion process [3–7] is illustrated diagrammati-
cally in Fig. 10.1. The first step is re-formatting of one image set (the “floating,” or 
secondary, image) to match that of the other image set (the reference, or primary, 
image). Alternatively, both image sets may be transformed to a new, common image 
format. Three-dimensional (3D), or tomographic, image sets are characterized by: 
the dimensions (e.g. in mm), i.e. the length (ΔX), width (ΔY), and thickness (ΔZ), of 
each voxel; the image matrix, XxYxZ = number of rows, X x number of columns,  
Y x number of tomographic images (or “slices”), Z; and the image depth (e.g. in 
bytes), which defines the dynamic range of signal display-able in each voxel (e.g. a 
word-mode, i.e. one word- or two byte-“deep,” image can display up to 216 = 65,536 
signal levels for 16-bit words). The foregoing image parameters are provided in the 
image “header,” a block of alphanumeric data which may either be in a stand-alone 
text file associated with the image file or incorporated into the image file itself. 
Among the image sets to be registered, either the finer matrix is re-formatted to the 
coarser matrix by combining of voxels or the coarser matrix is re-formatted to the 
finer matrix by interpolation of voxels. One of the resulting 3D image sets is then 
magnified or minified to yield primary and secondary images with equal voxel dimen-
sions. Finally, the “deeper” image is re-scaled to match the depth of the “shallower” 
matrix. Usually, the higher-spatial resolution and finer-matrix structural (e.g. CT) 
image is the primary image and the functional (e.g. PET) image the secondary image.

The second step in image registration is the actual transformation [translation, 
rotation, and/or deformation (warping)] of the re-formatted secondary image set to 
spatially align it, in three dimensions, with the primary image set.

The third and fourth steps are, respectively, evaluation of the accuracy of the 
registration of the primary and transformed secondary images and adjustment, itera-
tively, of the secondary-image transformation until the registration (i.e. the good-
ness-of-alignment metric) is optimized.
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The fifth and final step is image fusion, the integrated display of the registered 
images.

3  Software Methods for Image Registration

As noted, there are two practical approaches to image registration and fusion, soft-
ware and hardware approaches. In the software approach, images are acquired on 
separate devices, imported into a common image-processing computer platform, 
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Fig. 10.1 The image registration and fusion process. See text for details. Adapted from [2] by 
permission of the authors
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and registered and fused using the appropriate software. In the hardware approach, 
images are acquired on a single, multi-modality device and transparently registered 
and fused with the manufacturer’s integrated software. Both approaches are depen-
dent on software sufficiently robust to recognize and import diverse image formats. 
The availability of industry-wide standard formats, such as the ACR-NEMA 
DICOM standard (i.e. the American College of Radiology (ACR) and National 
Electrical Manufacturers Association (NEMA) for Digital Imaging and 
Communications in Medicine (DICOM) standard [8–11], is therefore critical.

3.1  Rigid Versus Non-rigid (Warping) Transformations

Software-based transformations of the secondary image set to spatially align it with 
the primary image set are commonly characterized as either “rigid” or “non-rigid” 
[3–7]. In a rigid transformation, the secondary image is only translated and/or 
rotated with respect to the primary image. The Euclidean distance between any 
two points (i.e. voxels) within an individual image set remains constant, however. 
In non-rigid, or deformable, transformations (commonly known as “warping”), 
selected sub-volumes within the image set may be expanded or contracted and/or 
their shapes altered. Translations and/or rotations may be performed as well. Such 
warping is therefore distinct from any magnification or minification performed in 
the re-formatting step, where distances between points all change by the same rela-
tive amount. Unlike rigid transformations, which may be either manual or auto-
mated, non-rigid transformations are generally automated.

3.2  Feature- and Intensity-Based Approaches

Registration transformations are often based on alignment of specific landmarks 
visible in the image sets; this is sometimes characterized as the “feature-based” 
approach [3–7]. Such landmarks may be either intrinsic, i.e. one or more well- 
defined anatomic structure(s) or the body contour (i.e. surface outline), or extrinsic, 
i.e. one or more fiducial markers placed in or around the subject. Feature-based 
registration generally requires some sort of pre-processing “segmentation” of the 
image sets being aligned, that is, identification of the corresponding features (e.g. 
fiduciary markers) of the image sets. Feature-based image registration algorithms 
may be automated by minimization of the difference(s) in position of the pertinent 
feature(s) between the image sets being aligned.

Other registration algorithms are based on analysis of voxel intensities (e.g. 
counts in a PET or SPECT image) and are characterized as “intensity-based” 
approaches [3–7]. These include: alignment of the respective “centers of ‘mass’” 
(e.g. counts) and orientation (i.e. principal axes) calculated for each image set; mini-
mization of absolute or sum-of-square voxel intensity differences between the 
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image sets; cross-correlation (i.e. maximizing the voxel intensity correlation 
between the image sets); minimization of variance (i.e. matching of identifiable 
homogeneous regions in the respective images sets); and matching of voxel inten-
sity histograms [3, 4] (Figs. 10.2, 10.3, and 10.4).

Fig. 10.2 Intra-modality image registration based on minimization of voxel intensity differences. 
(a) Selected brain images of sequential misaligned (i.e. non-registered) PET studies of the same 
patient, with the section-by-section difference images in the bottom row. (b) The same image sets 
as in (a), now aligned by minimization of the voxel-by-voxel intensity differences. From [4] by 
permission of the authors

Fig. 10.3 Intra-modality image registration based on matching of voxel intensity histograms. The 
joint intensity histograms of a transverse-section brain MRI image with itself when the two image 
sets are originally matched (i.e. aligned) and when misaligned by counterclockwise rotations of 
10° and 20°, respectively. See text for details. Adapted from [4] by permission of the authors
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As illustrated in Fig. 10.2 showing sequential PET brain images of the same 
patient [4], misalignment of the image sets produces visualizable structure in the 
difference images (the bottom row of Fig. 10.2a), i.e., the voxel-by-voxel intensity 
differences are not zero. In contrast, accurate registration yields differences images 
whose voxel-by-voxel intensity differences are equal to zero within statistical 
uncertainty (i.e. “noise”) and therefore an absence of visualizable structure (bottom 
row of Fig. 10.2b).

For two image sets A and B, a two-dimensional joint histogram (also known as 
the “feature space”) (Fig. 10.3) [4] can be constructed by plotting, for each combi-
nation of intensity a in image A and intensity b in image B, the point (a, b) whose 
darkness or lightness reflects the number of occurrences of the combination of 
intensities a and b. Thus, a darker point in the joint histogram indicates a larger 
number and a lighter point a smaller number of occurrences of the combination (a, b). 
When two identical image sets are aligned (matched), all voxels coincide and the 
plot in the voxel intensity histogram is the line of identity (i.e. a = b for all voxels). 
As one of the image sets is rotated relative to the other (by 10° and then by 20°), 
for example, the joint histogram becomes increasingly blurred (i.e. dispersed) 
(Fig. 10.3). Alignment of the images can therefore be achieved by minimizing 
the dispersion in the joint intensity histogram. Like other intensity-based 
approaches, this approach is most readily adaptable to similar (i.e. intra-modal-
ity) images sets but in principle can be applied to dissimilar (i.e. inter-modality) 
images by appropriate mapping of one image intensity scale to the other inten-
sity scale (Fig. 10.4) [5].

Such intensity-based approaches implicitly assume that the voxel intensities 
in the images being aligned represent the same, positively correlated parameters 
(e.g. counts) and thus are directly applicable only to intra-modality image 
registration.

Fig. 10.4 An inter-modality (CT and MRI) joint intensity histogram. The featureless (i.e. uni-
form) area corresponding to brain tissue in the transverse-section head CT image (left panel), in 
contrast to the anatomic detail in the corresponding area of the MRI image (middle panel), yields 
a distinct vertical cluster (arrow) in the CT-MRI joint histogram (right panel). Adapted from [5] 
by permission of the authors
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3.3  Mutual Information

A relatively new but already widely used automated registration algorithm is based 
on the statistical concept of mutual information [5, 12], also known as trans- 
information or relative entropy. The mutual information of two random variables A 
and B is a quantity that measures the statistical dependence of the two variables, that 
is, the amount of information that one variable contains about the other. Mutual 
information measures the information about A that is shared by B. If A and B are 
independent, then A contains no information about B and vice versa and their mutual 
information is therefore zero. Conversely, if A and B are identical, then all informa-
tion conveyed by A is shared with B and their mutual information is maximized. 
Accurate spatial registration of two such image sets thus results in maximization of 
their mutual information and vice versa.

The concepts of entropy and mutual information are developed more formally in 
the following. Given “events” (e.g. gray-scale values) e1, e2,…, en with probabilities 
(i.e. frequencies of occurrence) p1, p2,…, pn in an image set, the entropy (specifi-
cally, the so-called “Shannon entropy”) H is defined as follows [5]:

 
H pi≡ ∑

1

1n
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log

 
(10.1a)

 
= −∑

1

n

ippi log
 

(10.1b)

The term, log
1

pi
, indicates that the amount of information provided by an event 

is inversely related to the probability (i.e. frequency) of that event: the less frequent 
an event, the more significant is its occurrence. The information per event is thus 
weighted by the frequency of its occurrence. The uniform “background” (eBG) occu-
pies a large portion of a CT image (i.e. pBG is large), for example, and therefore 

contributes relatively little information (i.e. log
1

pBG

 is small)—and would not 

contribute substantially to accurate alignment with an MRI image. The Shannon 
entropy is also a measure of the uncertainty of an event. When all events (e.g. all 
gray-scale values in an image) are equally likely to occur (as in an highly heteroge-
neous image), the entropy is maximal.1  When an event or a range of events are more 
likely to occur (as in a uniform image), the entropy is minimal. Additionally, the 
entropy is a measure of dispersion of an image’s probability distribution (i.e. the 
probability of a grey-scale value versus the grey-scale value): a highly heteroge-
neous image has a broad dispersion and a high entropy while a uniform image has 

1 The analogy between signal entropy, used in the context of mutual information, and thermody-
namic entropy thus becomes clear.
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no dispersion and minimal entropy. Entropy thus has several interpretations: the 
information content per event (e.g. grey-scale value), the uncertainty per event, and 
the statistical dispersion of events in an image.

For two images A and B, the mutual information MI(A, B) may be defined as fol-
lows [5]2:

 
MI , H H( )A B B B A( ) ≡ ( ) − |

 
(10.2)

H(B) is the Shannon entropy of image B (derived from the probability distribution 
of its grey-scale value) and H(B|A) is the conditional entropy of image B with respect 
to image A (derived from the conditional probabilities p(b|a), the probability of grey-
scale value b occurring in image B given that grey-scale value a occurs in the corre-
sponding voxel in image A). When interpreting entropy in terms of uncertainty, 
MI(A,B) thus corresponds to the uncertainty in image B minus the uncertainty in 
image B when image A is known. Intuitively, therefore, MI(A,B)—the image-B infor-
mation in image A—is the amount by which the uncertainty in image B decreases 
when image A is given. Because images A and B can be interchanged, MI(A,B) is also 
the information image B contains about image A and it is therefore mutual informa-
tion. Registration thus corresponds to maximizing mutual information: the amount of 
information images have about each other is maximized when, and only when, they 
are aligned. If a subject is imaged by two different modalities, there is presumably 
considerable mutual information between the spatial distribution of the respective 
signals in the two images sets no matter how diverse (i.e. unrelated) they may appear 
to be. For example, the distribution of fluorine-18- labeled fluoro-deoxyglucose 
(FDG) visualized in a PET scan is, at some level, dictated by (i.e. dependent on) the 
distribution of different tissue types imaged by CT.

3.4  Goodness-of-Alignment Metrics

Regardless of the algorithm employed, the evaluation and adjustment of the regis-
tration requires some metric of its accuracy. It may be as simple as visual (i.e. quali-
tative) inspection of the aligned images and a judgment by the operator that the 
registration is or is not “acceptable.” A more objective and, ideally, quantitative 
evaluation of the accuracy of the registration is, of course, preferred. One goodness-
of- alignment metric, for example, is the sum of the Euclidean distances between 
corresponding fiduciary markers (or anatomic landmarks) in the two image sets; the 
optimum alignment corresponds to the transformation yielding the minimum sum 
of distances. Another similarity metric, as discussed above, is the mutual informa-
tion: when the mutual information between the two image sets is maximized, they 

2 In information theory, there are actually a number of different definitions of mutual information.
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are optimally aligned. As illustrated in Fig. 10.5 [5] for registration of a brain MRI 
image with itself, the joint histogram of two images changes as the alignment of the 
images changes. When the images are registered, corresponding signal foci overlap 
and the joint histogram will show certain clusters of grey-scale values. As images 
become increasingly misaligned (illustrated in Fig. 10.5 with rotations of 2°, 5°, and 
then 10° of the brain MRI relative to the original image), signal foci will increas-
ingly overlap that are not their respective counterparts on the original image. 
Consequently, the cluster intensities for corresponding signal foci (e.g. skull and 
skull, brain and brain etc) will decrease and new non-corresponding combinations 
of grey-scale values (e.g. of skull and brain) will appear. The joint histogram will 
thus become more dispersed; as described above, minimization of this dispersion is 
the basis of certain intensity-based registration algorithms. At the same time, the 
mutual information (MI) (See Eqs. (10.1a and 10.1b) and (10.2)), which is mini-
mized when the two images are aligned, will increase. However, unlike other 
intensity- based approaches, no assumptions are made in the MI approach regarding 
the nature of the relationship between image intensities (e.g. a positive or a negative 
correlation). MI is thus a completely general goodness-of-alignment metric and can 
be applied to inter- as well as intra-modality registration and automatically without 
prior segmentation.

Fig. 10.5 Effect of misregistration on joint intensity histograms and mutual information (MI) 
between a transverse-section brain MRI image (top row) and itself. Shown are the joint intensity 
histograms and mutual information (MI) (middle row) when the two image sets are originally 
matched (i.e. aligned) and when misaligned by clockwise rotations of 2°, 5°, and 10°, respectively 
(bottom row). See text for details. Adapted from [5] by permission of the authors
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4  Impact of Non-simultaneity of Multi-Modality Image 
Acquisition

An important consideration in multi-modality image registration is that, in almost 
all cases, images are acquired sequentially, not simultaneously [13]; the one notable 
exception is related to hardware-registered PET or SPECT and MRI images [14] 
(discussed elsewhere in this volume). Implicit in the registration of such sequen-
tially acquired images is the assumption that the subject is morphologically and 
functionally stable over the time interval between and during the image acquisi-
tions. Otherwise, one may be attempting to register images of what are effectively 
different subjects. Intuitively, registration of functional and structural images (e.g. 
PET and CT images) or of different structural images (e.g. CT and MRI images) is 
rather forgiving of the time interval between sequential image acquisitions, as anat-
omy generally changes quite slowly (typically over days to weeks). Importantly, 
however, this may not be the case in tumor xenograft models in rodents. Such xeno-
grafts may grow significantly over a matter of hours, with size-dependent alteration 
of its functional as well as structural properties; for example, as tumor mass 
increases, the intra-tumoral number and distribution of hypoxic cells may also vary. 
For multi-modality imaging devices, where one image is acquired immediately fol-
lowing the other, the time interval between acquisitions is typically of the order of 
only several minutes, with, of course, no significant structural alterations expected. 
Registration of sequentially acquired functional images is potentially more prob-
lematic in this respect, as functional properties such as blood flow, hypoxia etc may 
change transiently over time frames of minutes and even seconds. One must be 
cognizant of this possibility in designing and interpreting multi-modality functional 
imaging studies and must take care to maintain the physiological parameters (e.g. 
body temperature, hydration, blood oxygenation, and depth of anesthesia) as con-
stant as possible over the duration of and time between imaging studies.

5  Special Considerations of Small-Animal Image Registration

Mice and rats and their internal structures (i.e. organs and tumors) are, of course, 
much smaller than human subjects and their internal structures. Intuitively, therefore, 
a greater degree of accuracy is required for useful registration of small-animal 
images than of patient images. While difficult to generalize, with organ and tumor 
dimensions of the order of 10 mm a registration accuracy of approximately +1 mm 
appears reasonable for mouse and rat images for many applications. In contrast, with 
human organ and tumor dimensions typically of the order of 10 cm or greater a reg-
istration accuracy of approximately +1 cm is probably sufficient. Of course, the reg-
istration accuracy required is ultimately dependent on the particular application and 
the spatial scale of significant heterogeneities in the images under consideration.

Another consideration specific to small-animal image registration is the obvious 
inability of animals to maintain a fixed body posture (i.e. to lie still on command) 
over a period of time required to perform multiple imaging studies. As result,  animals 
must be anesthetized for imaging (whether or not image registration is performed). 
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In our experience, inhaled isoflurane is preferable to injectable anesthetics such as 
ketamine/xylazine—it is easier to safely maintain anesthesia over a prolonged period 
of time and animals generally recover (i.e. regain consciousness) quickly. Any long-
term anesthesia (i.e. in excess of ~10 min) disrupts thermoregulation, among other 
effects, and generally requires warming of the animal with a heating lamp, heating 
pad etc. To properly maintain heating of the animal, such a device may be connected 
to a rectal temperature probe and control unit which automatically cycles the device 
on and off and thus maintains body temperature within a physiologic range. In addi-
tion, the animal may need to be immobilized in a whole- body mold to ensure con-
stancy of body posture, depending on the accuracy of image registration required. 
This is particularly important in studies in which serial images are acquired over a 
protracted period of time (e.g. over several days or longer) and the animal is there-
fore allowed to awaken between imaging studies and then must be reproducibly 
positioned. An inexpensive (~$5 per animal), rapid (less than 30 min per animal), 
and well-tolerated method for immobilization and reproducible positioning of small 
laboratory animals is based on commercial quick- setting mold kits used for fabrica-
tion of patient-specific molds for radiation therapy (Fig. 10.6) [15]. The kit reagents 
are mixed, poured into a plastic-lined container, covered with plastic and allowed to 

Fig. 10.6 Step-by-step fabrication and use of an animal-specific mold for immobilization and 
reproducible positioning of a tumor-bearing rat for repeat imaging studies. Rapid-Foam™ (Soule 
Medical, Lutz, FL), a commercial quick-setting mold kit, was used to fabricate the molds. Three 
custom-manufactured 68Ge fiduciary markers (10 μCi each, 1 × 10 mm) (Sanders Medical Products, 
Knoxville, TN) were used to subsequently register sequential microPET™ images. Adapted from 
[15] by permission of the authors
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cure (harden) for ~5 min (Step 1). The anesthetized mouse or rat, with its legs 
extended as for imaging, is gently pressed supine into the still-soft mixture and left 
in place for 15 min (Step 2). The mouse or rat is then removed and the hardened 
mold trimmed to fit into the imaging gantry. For PET imaging, for example, the mold 
is placed on the animal palette and fiduciary markers (e.g. three steel-encased ger-
manium-68 (68Ge) rods (370 kBq = 10 μCi each, 1 × 10 mm) are placed on or inserted 
into the hardened mold at specific positions (Step 3). Of course, by using “MRI-
visible” (e.g. non-metallic gadolinium- filled) markers, this method is adaptable to 
MRI. The fiduciary markers allow for either manual or automated registration of the 
image sets among the serial intra- modality or consecutive inter-modality image sets. 
The animal is then placed in its custom mold and imaged (Step 4).

6  Illustrative Examples of Small-Animal Image Registrations

Our laboratory has focused on the development and validation of various approaches 
to imaging of tumor hypoxia, and two examples of small-animal image registration 
derived from this ongoing effort are presented. In the first example (Fig. 10.7) [15], 
the intra-tumoral distributions of sequentially administered fluoro-deoxyglucose 
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Fig. 10.7 (a) The appearance, in a selected transverse section, of the 68Ge markers on overlaid 
F18-FDG and -FMiso transverse R4 microPET™ images before and after registration based on a 
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Registered and fused 18F-FDG (gray scale) and -FMiso (hot iron) transverse, coronal, and sagittal 
images; the sagittal views are through a R3327-AT tumor xenograft in the animal’s right hindlimb. 
Discordant areas of FDG and FMiso uptakes are indicated by the white arrows for the R3327-AT 
tumor and by the yellow arrows for a FaDu tumor xenograft in the animal’s left hindlimb. Adapted 
from [15] by permission of the authors
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(FDG) and the hypoxia tracer 18F-fluoromisonidazole (FMiso) were compared in 
rats by registered R4 microPET™ (Concorde Microsystems, Knoxville, TN) imag-
ing with positioning of each animal in its custom-fabricated whole-body mold. 
Three 68Ge rods were reproducibly positioned in the mold as external fiduciary 
markers. The registered microPET™ images unambiguously demonstrate grossly 
similar though not identical distributions of FDG and FMiso in the tumors—a high- 
activity rim surrounding a lower-activity core. There were subtle but possibly sig-
nificant differences in the intra-tumoral distributions of FDG and FMiso, however, 
and these may not have been discerned without careful image registration.

In the second example [16, 17], a multi-modality (i.e. PET and MRI) imaging 
study using stereotactic fiduciary markers in a Dunning R3327-AT rat prostate 
tumor model was performed, focusing on the relationship between dynamic 
contrast- enhanced (DCE)-MRI using Magnevist® (Gd-DTPA) and dynamic 
18F-FMiso PET (Figs. 10.8, 10.9, and 10.10). A novel component of this work was 
registration not only of in vivo (i.e. PET and MRI) images but of in vivo and ex vivo 
(i.e. histological) images. Specifically, in vivo imaging results were corroborated by 
comparison to tumor sections stained for hematoxylin and eosin (H&E) to identify 
viable and necrotic tissue areas and pimonidazole to identify hypoxic tissue areas.
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Fig. 10.8 (a) Magnetic coil-fiduciary marker assembly for 3D registration of MRI, PET, and his-
tological images. (b) Dorsal view of tumor-bearing caudal end of tumor-bearing rat. (c) Registered 
(by rigid transform) MRI and PET images of the three vertical fiduciary markers. For MRI the 
fiduciary markers are filled with an aqueous Gd solution and for PET imaging with an aqueous 18F 
solution. Adapted from [17] by permission of the authors
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Fig. 10.9 (a) Close-up view of the top horizontal-marker holder (or “button”) showing the three 
holes for the vertical catheters; the multiple smaller holes (not used in the study being described) 
are for various interstitial probes. (b) A post-sacrifice photograph of the tumor in situ with the 
overlying skin and fiduciary-marker assembly removed but with the three plastic angiocatheters, 
used for registration of the histological images with the in vivo (i.e. PET and MRI) images, in 
place. The tumor is removed with the horizontal-marker holder (button) and angiocatheters in 
place and the entire tumor-button-angiocatheter assembly is frozen in cryofixative for sectioning. 
(c) The procedure for the depth (or z-axis) registration of the in vivo and histological images. The 
button, frozen held in place with the angiocatheters against the shallow surface of the excised 
tumor, is placed against the microtome chuck. As a result, the cryosections thus cut are parallel to 
the in vivo (PET and MRI) coronal images. The first (i.e. the deepest) cryosection in which tumor 
is visible is matched with the first PET and MRI coronal images in which the tumor is also visible, 
thus achieving depth-wise alignment of the cyrosections and the PET and MRI images. Histological 
sections and PET and MRI images at the same depth are then aligned in the coronal (or xy-plane) 
by rigidly transforming the three angiocatheter holes visible in the section with the fiduciary mark-
ers visible in the PET/MRI images. Adapted from [17] by permission of the authors
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A Helmholtz MRI coil was constructed in two parts (Fig. 10.8), with the upper 
part of the coil and a fiduciary-marker assembly initially detached to facilitate posi-
tioning of the animal bearing a tumor xenograft in its hindlimb. The fiduciary- 
marker assembly is shown in Fig. 10.8a attached to the coil-marker system. The 
marker assembly was composed of two cylindrical disks and one flat plate. The top 
disk, or marker holder (or “button”), had three holes for Gd (for MRI)- or 18F (for 
PET)-filled vertical markers. A bottom disk with identically aligned holes was sepa-
rated from the marker holder disk by a flat plate. Separate release screws fastened 
each disk to the flat plate, which was fixed to the top of the MRI coil. At the end of 
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Fig. 10.10 (a) A T2-weighted coronal MRI image of the tumor xenograft in the animal shown in 
Fig. 10.8b. (b) The registered H&E-stained section of the same tumor showing the channels cre-
ated by the three angiocatheters and the necrotic and viable areas of the tumor stained purple and 
blue, respectively (left panel). The necrotic area of the tumor outlined (middle panel) and a mask 
overlying the necrotic area of the tumor as outlined in the middle panel (right panel) are also 
shown. (c) The registered DCE-MRI-derived Akep parametric map of the same tumor without (left 
panel) and with (right panel) the necrotic area of the tumor segmented out using the “necrosis 
mask” created in (b). (d) The registered dynamic 18F-FMiso PET late-slope parametric map also 
without (left panel) and with (right panel) the necrotic area of the tumor segmented out. (e) The 
registered pimonidazole-stained section of the same tumor showing the hypoxic areas of the tumor 
stained green. Note the spatial concordance of the hypoxic tumor areas as identified by the seg-
mented 18F-FMiso parametric map and the pimonidazole-stained section, with the elimination of 
possible false-positive hypoxic areas corresponding to necrosis (perhaps due to FMiso diffusing 
from viable but hypoxic areas of tumor into nearby necrotic areas). Adapted from [17] by permis-
sion of the authors
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the imaging experiments, the bottom marker disk was detached from the rest of the 
marker. The flat plate had one side-hole for a horizontal marker. An additional 
holder was placed in the center of the bottom coil with a grooved disk for holding 
another horizontal marker. The three vertical markers (forming an oblique triangle 
with lengths of 0.9, 0.7 and 0.5 cm, respectively) and the two horizontal markers 
were composed of cut lengths of 22-G catheter tubing which were heat-sealed once 
filled. The vertical markers allowed in-plane registration of the PET and MRI 
images and the two horizontal markers depth-wise registration. The three vertical 
markers were pushed into the 0.9 mm-sized holes through separate channels. The 
separation of the top and bottom coils was adjustable over a range of 2–3 cm to 
accommodate tumors of various sizes. As illustrated in Fig. 10.8b, the magnetic 
coil-fiduciary marker assembly was placed in the animal’s whole-body mold 
(See above.), which was fabricated in a semi-cylindrical Lucite holder compatible 
with both the MRI and PET scanner palettes. Close-up views of the top horizontal-
marker holder (button) and the three angiocatheters in place are shown in Fig. 10.9a, b, 
respectively; the procedure for registration of the in vivo (PET and MRI) and ex vivo 
(histological) images is explained in Fig. 10.9c.

The comparison of the registered DCE-MRI “Akep” parametric maps (Akep is a 
parameter related to blood flow and vascular permeability and therefore considered 
a measure of tissue perfusion) [18] and the H&E-stained sections and of the regis-
tered 18F-FMiso PET late-slope maps and pimonidazole-stained sections (Fig. 10.10) 
confirm the capability of combined MRI-PET measurements to functionally image 
the tumor microenvironment and to distinguish regions of necrosis, hypoxia and 
normoxia. This multi-modality approach to functional tissue segmentation, vali-
dated by registration with histological images, should minimize the possibility of 
false-positive findings of tumor hypoxia likely to result if one only were to perform 
static PET imaging of 18F-FMiso or other “hypoxia” radiotracers.

7  Concluding Remarks

Image registration and fusion have rapidly emerged as an invaluable component of 
both clinical and small-animal imaging. However, rigorous registration and fusion 
of in vivo images with ex vivo microscopy images has been particularly challenging 
and has been largely ignored—despite the detailed structural information discern-
ible with histology and the richness of specific molecular imaging probes now avail-
able for immunohistochemistry. A unique system has been now designed, fabricated, 
and tested for image registration of coarser-resolution in vivo imaging modalities 
such as PET and MRI and ultra-high-resolution ex vivo imaging techniques such as 
histology, autoradiography, and immunohistochemistry. This system can potentially 
be used to guide interstitial probe measurements of tissue parameters such as partial 
pressure of oxygen (pO2) and to spatially index such measurements to allow correla-
tion between the measured values and in vivo image and parametric-map voxel 
values. This novel paradigm provides a powerful approach to the validation of func-
tional imaging techniques.
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1            Rationale for Dual-Modality SPECT/PET 

 Present multimodality imaging strategies are mostly based on the combination 
of complementary imaging technique such as PET/CT and SPECT/CT where 
 functional and morphological information on the same subject can be derived and 
combined. On the shadow of the successful application of combined PET/CT 
 scanners in the clinical environment, multimodality techniques have been recently 
transferred to small animal scanners. 

 On the other hand, there is a growing interest for the pre-clinical application of 
nuclear imaging techniques able to perform dual-tracer imaging [ 1 ]. It is defi ned as 
the application of two radionuclide-labelled tracers to image two different biological 
or molecular targets at the same time. In this way a direct comparison between the 
two targets can be derived so as to provide additional diagnostic value that is diffi cult 
for a single tracer imaging to provide. Dual-tracer imaging is now a well established 
technique. It has been in use for over a decade for parathyroid [ 2 ], liver and cardiac 
[ 3 ] disease (for example in metabolic and perfusion studies for the assessment of 
myocardial viability), and for studies in brain receptors and perfusion (for example 
in the imaging of dopamine neurotransmission and brain perfusion in differential 
diagnosis of Parkinson’s disease) [ 4 ]. Dual isotope imaging is performed both in 
clinical and pre-clinical environments with SPECT by using two different isotopes 
with well separated γ ray emission energies. When injected together, the two iso-
topes can produce two different images that are obtained by applying different energy 
windows around the energy of the two primary photons. However, the main limita-
tion of the dual-radionuclide imaging is the crosstalk between the two radionuclides 
[ 5 ]. Such a crosstalk is mainly due to the scattered (in the object, in the detector or 
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in the collimator) radiation from the higher energy radionuclide that is detected in the 
lower energy window or to the higher energy secondary emission peaks from 
the lower energy radioisotope that can be detected in the higher energy window. 

 The following step would be the combination of PET and SPECT for dual- tracer 
imaging that will potentially open new possibilities for the design of many new 
clinical and pre-clinical protocols. In this case one single γ emitting isotope is used 
in combination with a β +  emitting isotope. For years PET and SPECT were consid-
ered as antagonist techniques. In practice, each of the two modalities has peculiar 
advantages: PET can usually provide superior imaging performance in sensitivity 
and quantifi cation as compared to SPECT and the PET tracers can offer several 
advantages with respect to SPECT tracers from the biological compatibility point of 
view; on the other hand SPECT is not intrinsically limited in spatial resolution and 
can be potentially better than PET in this issue on limited fi eld-of-view by using 
pinhole collimators. Hence, the combination of the two modalities is a real plus and 
can be technically advantageous in certain aspects as compared to conventional 
SPECT dual-tracer. A signifi cant improvement in dual tracer PET/SPECT imaging 
would be the possibility to perform the two modalities simultaneously (simultane-
ous SPECT/PET).  

2     Instrumentation for Dual-Modality SPECT/PET 

 In principle, a dual tracer study with PET and SPECT could also be done with two 
separate scanners that share the same type of animal bed holder. In fact, the animal 
can be subjected to a series of scans with the two modalities by transferring the animal 
bed from one scanner to the other, once the animal is well fi xed on the bed. The image 
fusion for dual tracer study can be done a-posteriori by knowing the relative position 
of the animal with respect to the PET and SPECT fi eld-of-view, respectively. 

 On the other hand, a scanner where PET and SPECT detectors are physically 
integrated with a common bed will potentially ease the imaging procedure and 
speed up post-processing. 

 Dual-modality SPECT/PET systems are now available and a number of proto-
types have been proposed in last years. Present systems are very different in integra-
tion level and detector technology. Examples of solutions for SPECT/PET are 
illustrated in the following Sections. 

2.1     Integrated or Dockable Solutions 

 The simplest way to combine two imaging modalities is to physically integrate two 
separate imaging systems in a single gantry. This was the way PET and CT gave 
birth to a new imaging paradigm: the PET/CT. On the shadow of the clinical PET/
CT and SPECT/CT a growing number of combined emission/transmission small 
animal scanners became available. The fi rst multi-modality small animal system to 
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be available was SPECT/CT. A pre-clinical SPECT/CT is typically made of separate 
SPECT (usually one or two opposing detector heads) and CT components that share 
the same scanner axis and animal bed. The fi eld-of-view of the two systems is usu-
ally overlapping. This kind of mechanical arrangement facilitates the combination 
of mutual information from the two modalities, e.g. for image fusion and CT based 
attenuation correction of SPECT data. 

 The step towards a fully integrated PET/SPECT/CT system was short. In 2004, 
Gamma Medica (Nortridge, CA) introduced the fi rst multi-modality platform, 
called FLEX TM , able to perform PET, SPECT and CT with separate systems installed 
on the same gantry. Due to the typical ring geometry the PET system fi eld-of-view 
does not overlap with that of the SPECT/CT but is axially shifted like in clinical 
PET/CT systems. For this reason, with this kind of system PET and SPECT modali-
ties cannot be performed at the same time. 

 Another way to combine different imaging modality is to juxtapose back-to-back 
two stand alone systems in such a way that they have the same axis and can share 
the same animal bed. Once combined, the two systems can be controlled by the 
same user console. The advantage of this solution, called “dockable”, is a greater 
fl exibility in exchange for a higher cost.  

2.2     Co-planar Hybrid Solutions 

 A further step toward a full combination of the SPECT and PET modalities is to 
have a solution where the two fi elds-of-view are overlapping. In this way, in addi-
tion to the possibility of performing both emission techniques on the same animal, 
it allows, in principle, the simultaneous execution of PET and SPECT investigation. 
To make it feasible, a possible solution is to combine two rotating dual head parallel 
plane detectors where a pair is dedicated to PET and the other is for SPECT. 
An example of this solution can be found in [ 6 ].  

2.3     Single and Dual Layer Scintillator Solutions 

 Various research groups have shown a growing interest in developing detectors able 
to perform PET and SPECT acquisitions in a single device. In principle a high light 
output pixilated scintillator suitable for PET can be used for the detection of single 
medium energy γ-rays commonly used in SPECT. An example of this solution for a 
system using a single scintillator for both PET and SPECT is the YAP-(S)PET scan-
ner [ 7 ] (see also Sect.  4.2 ). A more complicated solution is based on a dual layer 
scintillator read out by a common photodetector (e.g. photomultiplier tubes or ava-
lanche photodiodes). In this case a fi rst layer is optimized for the detection of 
medium energy γ-rays for SPECT commonly used in SPECT, whilst a second layer 
is optimized for the high energy annihilation radiation used in PET. Such a detector 
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module can be used as the basic detection unit in a multi-modality scanner capable 
of performing PET and SPECT imaging simultaneously. Pulse shape discrimination 
is used to separate the signals originating from the different detector materials. 
Good candidates for the fi rst layer are high light output scintillator, while the second 
layer should be made of fast, high density crystals. Examples of possible dual layer 
scintillators for SPECT/PET are (fi rst layer/second layer) YSO/LSO [ 8 ,  9 ], LSO/
GSO [ 8 ], NaI/LSO [ 10 ,  11 ], YAP/LSO [ 12 ].   

3     Examples of Dockable and Combined 
SPECT/PET Instrumentation 

3.1     SIEMENS Inveon 

 The SIEMENS Inveon is a scalable platform able to perform PET, SPECT and/or 
Computed Tomography (CT). The system comprises three separate imaging sub-
systems for PET, SPECT and CT. The subsystems are able to work individually or in 
combination. Two possible combinations of mechanical integration between the sys-
tems, “integrated” or “dockable” are offered. In the “integrated” solution the three 
subsystems are physically integrated on the same gantry. The systems have the 
same tomographic axis and share the same animal bed. The SPECT and CT systems 
have also overlapping fi eld-of-views. In the “dockable” solution the PET and the 
SPECT/CT systems are mounted on two separate gantries that can be physically 
combined by docking the two systems back-to-back. Once docked the two systems 
are equivalent to the “integrated” solution (   Fig.  11.1 ).

  Fig. 11.1    Drawings of the two solutions available from SIEMENS medical.  Left : integrated solu-
tion, the PET, SPECT and CT systems are available in a single gantry.  Right : the “dockable” solu-
tion, the PET stand alone system ( left ) can be plugged on the back of the SPECT/CT system ( right ) 
to obtain a fully combined scanner (  http://www.medical.siemens.com/siemens/en_US/gg_nm_
FBAs/fi les/multimedia/inveon/index.htm)           
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3.1.1       Inveon PET Module 

 The scanner uses 1.51 × 1.51 × 10 mm 3  LSO crystals grouped in 20 × 20 blocks; a 
tapered light guide couples the LSO crystals of a block to a position-sensitive pho-
tomultiplier tube. The crystal pitch is 1.63 mm × 1.59 mm in transaxial and axial 
directions, respectively. There are 80 rings with 320 crystals per ring and the ring 
diameter is 161 mm. The transaxial and axial fi elds of view (FOV) are 100 and 
127 mm, respectively. The scanner has a spatial resolution at the center of the FOV 
of about 1.6 mm (FWHM) in the transaxial plane and 2.2 mm (FWHM) axially in 
images reconstructed using the fi ltered back projection algorithm [ 13 ]. A higher 
resolution in the reconstructed image can be achieved with iterative reconstruction 
algorithms. A continuous bed motion acquisition modality effectively extends the 
axial FOV to 50 cm, offering better image quality due to the over sampling. The 
maximum absolute sensitivity in the center of the FOV is greater than 10 %.  

3.1.2     Inveon SPECT Module 

 The SPECT detectors on the SIEMENS Inveon system are constructed using 10 mm 
thick pixellated NaI crystal on a 2.2 mm pitch [ 14 ]. The NaI crystal is coupled to a 
light guide that is attached to a 3 × 3 array of 50 mm × 50 mm square position sensi-
tive photomultiplier tubes. The total active imaging area of the detector is 
150 mm × 150 mm. 

 Pinhole collimators with up to seven pin-holes can be used. The SPECT detec-
tors are mounted on a rotating gantry and rotate together with the CT components. 
Up to four SPECT heads can be installed on the gantry. With the CT installed the 
maximum number of SPECT heads is limited to 2. 

 The spatial resolution and fi eld-of-view size depend on the pinhole size and mag-
nifi cation factor. The maximum spatial resolution is 0.7 mm (FWHM) and is reached 
with a 0.5 mm diameter pinhole and with a fi eld of view of 25 mm (pinhole magni-
fi cation factor 4.9).

3.2         GE TriumphTM 

 As the SIEMENS Inveon the GE Triumph™ is a multi modality pre-clinical imag-
ing platform that includes PET, SPECT and CT subsystems. In this case the three 
subsystems are integrated in a common gantry. The system can accommodate vari-
ous size animals from mouse to rhesus monkey (   Fig.  11.2 ). 

3.2.1     LabPET™: APD-Based PET Sub-system 

 The LabPET system consists in a 15.6 cm diameter ring confi guration PET systems 
[ 15 ]. Each detector is made of a phoswich pair consisting of one LYSO and one LGSO 
scintillator optically coupled along one long side and read out by a single APD sitting 
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on a 55° wedge (Fig.  11.3 ). The two crystals can be identifi ed since the crystal decay 
times are suffi ciently different (40 ns for LYSO and 65 ns for LGSO). This side-by-
side phoswich confi guration was selected to achieve a quasi-individual crystal read-
out. Options of 3 different axial fi elds of view (3.75, 7.5, and 11.25 cm) are available. 
The absolute sensitivity at the center of the fi eld-of-view is about 3 % for the 11.25 cm 
scanner. The scanner has a spatial resolution at the center of the FOV of about 
1.2–1.3 mm (FWHM) for images reconstructed using an MLEM algorithm [ 16 ].

3.2.2        X-SPECT ® : CZT-Based SPECT Subsystem 

 The SPECT subsystem is based on one, two, or four Cadmium Zinc Telluride (CZT) 
digital gamma camera, with 1.6 mm pixels. Single and multiple pinholes are avail-
able. The maximum spatial resolution is better than 0.5 mm (FWHM). A feature of 

  Fig. 11.2    The Triumph TM  multi modality system from GE (mouse solution) (  http://www.gehealth-
care.com/euen/fun_img/products/pre-clinical/triumph/triumph.html)           

  Fig. 11.3    Arrangement of the scintillating crystal elements and the APD photodetectors in the 
LabPET system from GE       
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the CZT based detectors is the excellent energy resolution. In this case it reaches a 
value of 4.5 % (FWHM) at 140 keV. This could help the reduction of radiation scat-
ter and enables simultaneous multi-isotope imaging that covers a wide range of 
energies (30–300 keV, i.e.  99m Tc,  125 I,  123 I,  201 Tl, and  111 In isotopes).    

4     Simultaneous SPECT/PET 

 PET and SPECT dual-tracer imaging, particularly the simultaneous acquisition, 
may open the door for many potentially new clinical and preclinical applications. 

 Even if designed to integrate multi-modality PET and SPECT imaging tech-
niques, none of the above mentioned systems are specifi cally designed for true 
simultaneous PET/SPECT acquisitions. 

4.1     Challenges for Simultaneous SPECT/PET Acquisitions 

 The requirements for simultaneous PET and SPECT goes beyond the ability to sim-
ply detect single low energy (for SPECT) and coincidence 511 keV (for PET) γ rays. 
The technical challenges for this imaging method are multifold and are related to the 
type of system in use. In fact, a possible solutions for simultaneous  PET/SPECT can 
use either a common detector working simultaneously in PET and SPECT ( joint 
modality ), or PET and SPECT can be performed using separate detectors either of 
the same type ( split modality ) or using different technologies ( separate modality ). 

 A common challenge for any solution is related to the fact that the simultaneous 
PET/SPECT acquisition implies the simultaneous presence of single photon and 
positron emitting isotopes. Hence, each modality should be able to work in presence 
on a secondary γ source. 

 The effect of the simultaneous presence of two kinds of γ sources is twofold.

•    On one side the SPECT data are contaminated by down scattered 511 keV pho-
tons to low energy. In fact, since the thickness of the collimators is optimized to 
stop low energy γ rays, usually the 140 keV γ rays of  99m Tc, the high energy 
radiation (511 keV) passes or scatters through the collimator. When using scintil-
lators for γ ray detection, a non negligible fraction of the 511 keV photons, 
because of the scattering within the crystal, will be recorded within the energy 
window used for SPECT imaging. Due to the fact that such events are not 
selected by the collimator (or in the joint modality only partially attenuated), the 
number of such events is usually more than one order of magnitude greater than 
the total number of SPECT counts within the selected energy window, when a γ 
and a β +  source of similar activity are used. This effect can signifi cantly degrade 
SPECT performance adding a strong background, hence generating signifi cant 
artefacts in the reconstructed images. A correction procedure for this effect, sim-
ilar to those described in the next paragraph, is then mandatory. In addition, to 
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further limit the cross contamination, the activity of the single γ ray source 
should be at least ten times higher than the β +  activity.  

•   On the other hand the PET data are less infl uenced by the presence of the single 
γ ray source. In fact, the cross contamination is limited, on one side by the time 
coincidence acquisition modality, and on the other by the fact that the single γ 
counts are limited in a relatively narrow low energy window, that can be excluded 
for the PET data analysis. In addition, when using a high γ/β +  activity ratio the 
PET acquisition system is subjected to a high singles count rate that can limit the 
PET count rate performance due to system dead time, pile-up effects and an 
increased diffi culty for estimating random counts. In the split and separate 
modalities a hardware solution for limiting the single γ ray fl ux reaching the PET 
detectors can be obtained by adding an attenuation slab whose thickness can be 
chosen as a compromise between stopping the larger fraction as possible of low 
energy γ’s and letting the annihilation γ’s passing through it. For example, a 2 
mm thick lead slab is a possible solution.  

•   A peculiar challenge for the joint modality is the diffi culty in designing a com-
mon acquisition for PET and SPECT. In addition, a necessary collimator for 
SPECT will strongly attenuate PET coincidence events that should be further 
corrected for this effect.    

4.1.1     Down Scatter Correction 

 The fraction of down-scatter events (C PET ) with respect to the true single photon 
SPECT events (C SPECT ) depends on the photofraction of the detector (scintillator or 
solid state) used in the SPECT system. The higher is the photofraction at 511 keV, 
the lower will be the down-scatter fraction. However, due to the relatively low effi -
ciency of the SPECT collimators the number of scattered events in the SPECT 
energy window exceeds the number of true SPECT events by more than one order 
of magnitude when using similar activity values for PET and SPECT tracers for any 
scintillator to be used for this purpose. 

 Several algorithms were proposed to correct down-scatter events. In the auxiliary 
energy window method [ 17 ] the counts in an auxiliary energy window (AEW) (e.g. 
160–170 keV when using  99m Tc) just above the main energy window (MEW) (e.g. 
135–145 keV) are used as an estimation of the down-scatter. By considering that the 
energy spectrum of the down-scattered events is quite fl at in this region, the events 
in the AEW are a good approximation of the down-scattered events in the MEW 
(C PET (AEW) ≈ C PET (MEW)). In this case the value of C SPECT  can be estimated from 
the total counts in the original data (C DATA ) as: C SPECT (MEW) = C DATA (MEW) − C DATA 
(AEW), where C DATA (AEW) is assumed to be completely obtained from down- 
scattering of PET photons (i.e., C DATA (AEW) ≈ C PET (AEW)). In this way C DATA (AEW) 
is a good approximation of C PET (MEW). An alternative method is the so called extra 
shielding method [ 17 ]. In this case, the down-scatter events are measured by placing 
an additional lead sheet (~2.0 mm thickness) in front of the collimator and perform-
ing a calibration immediately after the acquisition, using the same object. The lead 
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sheet blocks most of the 140 keV photons while still lets most of the 511 keV 
photons passing through. In this case the value of C SPECT (MEW) is obtained from the 
number of counts in the calibration acquisition with the lead slab C SLAB  as: C SPECT 
(MEW) = C DATA (MEW) −  k  × C SLAB (MEW), where  k  is a factor that estimates the 
511 keV γ ray attenuation of the lead sheet for each crystal. A third example of down 
scatter correction is somewhat a merge of the two previously described methods and 
is based on the following approximation: the background events produced by the 
511 keV gamma rays scattered radiation that are detected by each pixel  i  in the 
MEW are a fraction ( f   i  ) of the events registered in the previously defi ned AEW, i.e. 
 f   i   = C PET, i  (MEW)/C DATA, i  (AEW). An approximated value of  f   i   can be determined from 
a calibration acquisition of the same object using a lead sheet as described above, or 
with a phantom mimicking the animal geometry (e.g. a cylinder 2.5 cm in diameter, 
5.6 cm in height for a mouse) fi lled with a β +  source only (no lead sheet is used in 
this case). The solution based on the use of the same object where low energy γ rays 
are attenuated by the lead slab is in principle better in reproducing the spatial varia-
tion of  f   i   but the obtained values are biased by the presence of the slab itself. On the 
other hand, since the distribution of  f   ì   does not contain high frequency information 
from the object the phantom method is usually preferred, since it does not need the 
slab measurement and allows for the possibility of using the same calibration acqui-
sition (with high statistics) for many acquisitions (no interruption in the workfl ow). 
In any case  f   i   can be calculated, for each pixel  i  as  f   i   = C CAL, i  (MEW)/C CAL, i  (AEW). 
A direct measurement of  f   i   is obtained by taking the ratio between the SPECT sino-
gram produced in the MEW and AEW, respectively. A better statistics is gained by 
averaging  f   i   over the angular coordinates. The value of SPECT counts in the MEW 
C SPECT, i  (MEW) can be then obtained as: C SPECT, i  (MEW) = C DATA, i  (MEW) −  f   i   × C DATA, i  
(AEW). Again this operation can be directly performed on the relative sinograms.   

4.2      YAP-(S)PET II: An Example of Combined/Simultaneous 
SPECT/PET 

 The YAP-(S)PET scanner (Fig.  11.4 ) from Imaging System Europe (ISE), is made 
up of four detector heads: each one is composed of a 4.05 × 4.05 cm 2  YAlO 3 :Ce (or 
YAP:Ce) matrix of 27 × 27 elements, 1.5 × 1.5 × 20 mm 3  each. The matrix is directly 
coupled to a PS-PMT (Hamamatsu R2486). The four modules are positioned on a 
rotating gantry; the opposite detectors are in time coincidence when used in PET 
mode. The rotation is controlled via PC thus permitting the acquisition of the tomo-
graphic views. The system can operate in 3-D PET data acquisition mode [ 18 ].

   Thanks to the rotating planar detector confi guration the scanner can also work as 
SPECT. The switching to the SPECT modality can be easily made by replacing the 
tungsten septum (used in PET for shielding the scintillators from the background 
outside the FOV) with a high resolution parallel-hole, lead collimator (0.6 mm 
diameter, 0.15 mm septum) in front of each crystal. For SPECT the system uses the 
same acquisition electronics with no coincidence. 
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 For both PET and SPECT modalities the scanner has an axial fi eld of view of 
4.05 cm and the diameter of the transaxial FOV is 4.05 cm. Exploiting the YAP-(S)
PET scanner capability of performing both PET and SPECT imaging, it is possible 
to perform simultaneous PET/SPECT acquisitions [ 19 ]. In this case two opposing 
heads (e.g. heads 1 and 2 in Fig.  11.4 , right) are used for PET (coincidence mode) 
while the other pair (detectors 3 and 4) are equipped with the collimators and inde-
pendently acquire single events (SPECT mode). 

 The SPECT data analysis procedure for reducing the cross contamination includes 
a procedure that uses a direct measurement of  f   i   as illustrated in the previous section 
(third method). In order to further reduce the background produced by the Compton 
scattering of 511 keV gamma rays, each SPECT head is set in anticoincidence with 
the opposing one. On the other side, the events detected by the PET pair are only 
slightly infl uenced by the increase in random coincidence rate due to the increased 
singles count rate (most of the singles are now originated by the single γ emission). 

 Two techniques were adopted to reduce the incidence of SPECT γ-rays (e.g. 
140 keV photons from  99m Tc) on PET coincidence imaging: a) an hardware proce-
dure consisting in placing a lead layer of about 2 mm in front of the scintillator of 
the heads used for the PET acquisition or b) a software procedure based on selecting 
only the coincidence events registered in an energy window excluding all the pos-
sible contamination from  99m Tc. The energy window used is 200–850 keV, just 
above the  99m Tc photo-peak energy window. The two procedures provide compara-
ble results. They are both good in eliminating the SPECT γ ray contribution to PET 
images with a small reduction in coincidence 511 keV γ ray detection. The hard-
ware procedure is usually preferred since it further reduces the radiation scattered in 
the object. Figure  11.5  shows an example of the application of the simultaneous 
PET/SPECT with the YAP-(S)PET scanner.

  Fig. 11.4     Left : the YAP-(S)PET II scanner from ISE.  Right : arrangement of the four heads when 
used in simultaneous PET/SPECT confi guration. In this case heads 1 and 2 are used for PET, while 
heads 3 and 4 are equipped with a collimator and used in SPECT mode       
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4.3        Slit–Slat Collimator Insert for MicroPET 

 In the previous example the same detectors are used both for PET and SPECT but 
each detector head is specifi cally dedicated to one (PET or SPECT) modality only. 
The simultaneous PET/SPECT is obtained by setting half of the heads in PET and 
half in SPECT. 

 On the other hand, in the example reported in this section, a whole system is 
actually used simultaneously for PET and SPECT. In particular, this is an example 
of a modifi cation of a PET system based on a ring geometry to perform SPECT and 
also simultaneous PET/SPECT. 

 A microPET Focus 120 TM  has been used to build this prototype [ 17 ]. This scan-
ner is made up of 96 detector blocks arranged in 4 rings. Each block is composed of 
12 × 12 arrays of 1.59 × 1.59 × 10 mm 3  LSO crystals. The diameter of the ring of the 
scanner is about 14.7 cm. The transaxial and axial fi eld-of-view are 10.0 and 7.7 cm, 
respectively. The measured image resolution at the center of FOV is around 1.4 mm 
(FWHM). The SPECT capability is obtained by inserting a slit-slat collimator 
within the ring aperture. The slit-aperture is made of wedge-shaped lead plates that 
form a limited angle collimation with an aperture of 45° and a 0.5 mm gap between 
the two plates. The septa are made of stacked parallel annular-shape tungsten sheets 
to form a 2D collimation. Each Tungsten sheet is 0.2 mm thick, with a 0.6 mm 
spacer between neighbouring sheets. The in-plane effective FOV is about 4.0 cm. 
To obtain the tomography acquisition the object is rotated around the scanner axis 
with a computer controlled rotating stage. The acquisition mode was set to be able 
to acquire single counts. 

 The correction of the SPECT data is similar to the previous example, especially for 
the case of the down-scatter of the 511 keV photons. In fact, even if LSO shows a 
good photofraction at 511 keV (32 %) the down-scatter counts are still 18 times higher 
than the true SPECT counts from  99m Tc, with mixed sources at equal activities. In this 
case the extra shielding method was found to be the best solution for down-scatter 
correction. To measure down-scatter an additional cylindrical lead sheet (~2.0 mm 
thickness) was placed inside the collimator after the SPECT acquisition. 

  Fig. 11.5    Transaxial images of a simultaneous PET/SPECT acquisition of two small syringes. the 
 top  syringe was fi lled with  99 m  Tc while the  bottom  one was fi lled with  18 F. The SPECT/PET activity 
ratios are, from  left  to  right : 5:1, 10:1, 30:1, 50:1       
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 Using LSO scintillators an additional problem is the  176 Lutetium background 
radiation. From experimental measurements the energy spectrum of LSO back-
ground is quite fl at in the regions around the 140 keV  99m Tc photopeak. Hence, the 
contribution of the background can be subtracted from SPECT data by measuring 
the background count rate for each crystal. 

 In this case 511 keV PET γ rays are measured after passing through the collima-
tors. Hence, collimator attenuation to PET coincidence acquisition has to be mea-
sured. Collimator attenuation is directly measured in coincidence mode with a Ge/
Ga-68 line source that is inserted inside the collimator and rotated along the inner 
surface of the collimator to cover the entire FOV. This transmission is then used as 
the basis to calculate the attenuation factor associated with each line of response.   

5     Summary 

 The demand for multi-probe molecular imaging of small-animals using both single- 
photon and positron emitting radiotracers has stimulated the development of dedi-
cated small-bore high-resolution systems for rodents’ imaging allowing concurrent 
acquisition of SPECT and PET data. Multi-probe scanning can be performed 
through energy discrimination which allows the acquisition of SPECT and PET data 
in different energy windows. 

 The peculiar architecture of some small animal scanners gives the opportunity to 
implement simultaneous PET/SPECT acquisition. The coincidence detection (PET 
mode) is almost unaffected by the presence of low energy photons (i.e.,  99m Tc). 
Single-photon acquisition (SPECT mode), instead, is seriously affected by the 
crosstalk from 511 keV photons scattering or depositing a fraction of their energy in 
the crystal and mimicking  99m Tc photons. This technology opens the way to new and 
interesting protocols for the investigation of many biological phenomena, more 
effectively than when using PET or SPECT modalities alone.     
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1            Limitations of Standalone Preclinical SPECT 

 Preclinical imaging using SPECT and small animal models provides a very high 
spatial resolution using pinhole geometries or other convergent collimator geome-
tries [ 1 ,  2 ], typically in submillimeters [ 3 ]. In addition, multiple apertures of pinholes 
in combination with multiple radionuclide detectors potentially provide a desirable 
high detection effi ciency of radionuclide gamma-ray photons [ 4 ,  5 ]. However, the 
utility of preclinical SPECT imaging is limited especially when the imaging studies 
require more than the functional information that SPECT alone can provide [ 6 – 8 ]. 

1.1     Localizing Tracer Distribution in Small Animal Models 

 When the physiologic target of a radiotracer used in preclinical SPECT imaging 
studies is located anywhere within the animal body, correlating tracer uptake seen 
by SPECT to its anatomy is sometimes challenging. A similar issue occurs with 
clinical SPECT studies. In the clinical setting, nuclear medicine physicians are 
trained to distinguish abnormal uptake versus normal physiologic uptake of a 
known radiotracer; however, in the preclinical setting, it is rare to have a specifi cally 
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trained interpreter who understands the small animal anatomy and the radiotracer 
distribution well. The complication is augmented when a preclinical evaluation of a 
new radiotracer is the main utilization of the preclinical SPECT.  

1.2     Quantifi cation of Radiotracer 

 As in clinical SPECT studies, preclinical SPECT studies using dedicated small animal 
SPECT scanners basically result in images of tracer distribution in small animal mod-
els in an arbitrary unit (e.g., pixel value, not in Bq/ml). Tracer quantifi cation is only 
possible if the user of the preclinical SPECT scanner is confi dent that most physical 
compensations are implemented in image generation [ 9 ,  10 ]. Additionally, the poor 
photon statistics in preclinical SPECT scanners without innovative designs like mul-
tidetectors [ 11 ] and multipinholes limits quantitative accuracies to an unreliable level. 

 It is known that out of physical perturbations in SPECT imaging, photon attenu-
ation errors contribute the most when the object size is large and the energy of 
emission photons from a radiotracer is low (e.g., I-125’s 20–30 keV photopeaks). 
In other words, for small body size of rodents, particularly in mice, physical com-
pensations may not be critical in terms of obtaining quantitative accuracies of tracer 
distribution in reconstructed images. Yet, when the attenuation correction is neces-
sary, the standalone preclinical SPECT scanners should rely on some external trans-
mission scans for attenuation map generation.  

1.3     Limitations of Standalone SPECT Scanners 
Specifi c to Preclinical Systems 

 The anatomical localization capability and the tracer quantifi cation aspect have 
been widely recognized because these issues are also found in clinical SPECT sys-
tems. With regards to preclinical SPECT systems more specifi cally, the limitations 
are caused by (a) unfamiliarities of animal anatomies that are not comparable to 
human anatomy, (b) inherent geometrical limitations such as limited fi eld of view 
(FOV) caused from focusing collimators like pinholes used in small animal SPECT, 
and (c) lack of robust correction methods for physical perturbations in SPECT 
imaging such as photon attenuation errors [ 12 ].   

2     Preclinical SPECT Combined with CT 

 Fortunately, most of the limitations mentioned earlier can be completely or partially 
overcome by having a structural imaging combined with SPECT. The combined 
SPECT/CT systems have become a common form of clinical SPECT scanners, and it 
is no wonder that preclinical SPECT/CT systems followed the trend [ 13 ]. Magnetic 
resonance imaging (MRI) integration with SPECT is also an interesting area for dis-
cussion [ 14 ]; but this chapter focuses only on the SPECT/CT in preclinical settings. 
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 An X-ray computed tomography (CT) has been available in small animal imaging 
applications in parallel with most other noninvasive imaging modalities. A microfo-
cus X-ray tube producing X-ray current on the order of 1 mA at 50 kVp (50 Watt) 
and an X-ray detector such as a charge-coupled device (CCD) or a complementary 
metal oxide semiconductor (CMOS) usually comprise a small animal CT scanner. 
Combined with SPECT, small animal SPECT/CT systems acquire SPECT radionu-
clide data and CT X-ray data mostly sequentially without moving an animal from 
the bed, which benefi ts to in vivo animal studies that often require a gas anesthesia 
system with often bulky gas delivery plumbing fi xtures. For the sequential imaging, 
the bed movement is minimal or translational only when required. By performing a 
sequential imaging of SPECT and CT at known positions, coregistration between 
the two imaging modalities can be achieved by rigid transformation assuming the 
animal is stationary during both imaging sequences. Besides, image units in CT can 
be also converted to energy-dependent linear attenuation coeffi cients useful for 
attenuation correction in SPECT reconstruction [ 15 ,  16 ]. There is also a potential 
use of CT information to model scatter components in SPECT reconstruction. 
Figure  12.1  illustrates the signifi cance of CT-based attenuation correction even for 
a small size object (approximately one inch across) when a low-energy gamma 
emitter like iodine-125 is used for SPECT studies.

   CT provides details of small animal anatomies with reconstruction resolutions in 
the range of 10–200 μm, and the details can be enhanced by either conventional clini-
cal iodinated contrast media or animal-specifi c iodinated contrast materials [ 17 ]. 
With CT providing both the attenuation coeffi cients and anatomical details, small 
animal SPECT/CT is more visually pleasing than standalone SPECT systems, and is 
capable of providing accurate tracer localization and quantifi cation which are desir-
able characteristics for drug and new tracer evaluation processes using noninvasive 
preclinical imaging [ 18 ]. The resolution requirements from CT vary depending on 
how much anatomical details are needed in SPECT investigations. For example, if 
attenuation correction is the only use of CT, the resolution of CT can be as poor as the 
typical resolution of SPECT, ~1 mm full-width at half-maximum (FWHM). In con-
trary, when a full anatomic detail is essential in SPECT/CT investigations of small 
animals, even 10–20 μm spatial resolution with contrast enhancement is marginal. 

 Although the promises of preclinical SPECT/CT are strong and implementations 
in system instrumentations seem straightforward assuming both preclinical SPECT 
and CT are separately mature technologies, there are still inherent issues when com-
bining the two systems together. These issues are not negligible in most applica-
tions, and occasionally application and animal specifi c.

 –    Coregistration between SPECT and CT: In preclinical SPECT systems, conver-
gent collimation geometries such as pinholes or multipinholes are of a common 
use. The convergent geometry introduces imaging magnifi cation or minifi cation 
of the object so that applying reconstruction algorithms needs inputs from colli-
mator geometries. In addition, the projection data for both preclinical SPECT 
and CT are collected typically in a cone-beam geometry which also introduces 
other geometry complications that include cone-beam artifacts and image trun-
cation issues. As a result, the geometry defi ned in preclinical SPECT/CT needs 
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a coregistration strategy that includes adjustments for complex geometries from 
reconstructed SPECT and CT images.  

 –   Temporal resolution difference between SPECT and CT: Surprisingly, currently 
available preclinical CT scanners on the market do not yet provide a very fast 
multidetector CT acquisition capability except for very few products or proto-
types. What is not surprising is that still the data acquisition of preclinical CT 
even on the current market, typically in the range of 1–10 min to achieve approx-
imately 150 μm in-plane spatial resolution, is faster than that of preclinical 
SPECT. This difference in temporal resolutions does not always cause serious 
problems when CT is only used for anatomic localization of radiotracer or atten-
uation map generation. A more serious problem is that the preclinical CT using 
small animal models suffers motion-related spatial resolution degradation, 
resulting in blurred CT images because the breathing of the animal model induces 
a non-negligible movement during the CT acquisition. In a volume where SPECT 
radiotracer localization can potentially benefi t greatly from anatomical details 
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  Fig. 12.1    Photon attenuation corrected reconstruction versus uncorrected reconstruction using a 
uniform cylindrical phantom fi lled with iodine-125 solution (Reprinted with permission from [ 6 ])       
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such as brain and thorax, the anatomy provided by CT can be less valuable in 
determining precise location of radiotracer concentrations.  

 –   Approaches to prospective gating in SPECT and CT: The two common gating 
strategies to reduce any motion-related image artifacts using electrocardiogram 
(ECG) or respiratory signals are implemented and can be used in both preclinical 
SPECT and CT studies [ 19 ,  20 ]. The caveat of performing either ECG-gated or 
respiratory-gated SPECT/CT studies is the degradation of temporal resolution 
for both imaging modalities. Without signifi cant innovations for which some of 
implementable technologies are mentioned in other chapters, the total image 
acquisition time could be very impractical considering the speed of both SPECT 
and CT in preclinical settings and the small amount of radiotracer that can be 
administered without altering the biology of given studies (e.g., radiation-related 
carcinogenesis) [ 21 ].     

3     Historical Perspective on Dual-Modality 
Preclinical SPECT/CT Developments 

 Similarly to its human scale version, a pioneering work on developing a dual- 
modality preclinical SPECT/CT system was fi rst conducted at the University of 
California, San Francisco (UCSF) in early 2000 [ 22 – 26 ]. However, the develop-
ment of the full scale preclinical SPECT/CT scanner from the UCSF project had 
been plagued by complications of the system design and novelty of the technology. 
The system was actually built (shown in Fig.  12.2 ), and evaluated for small animal 
SPECT/CT studies. Although the details of technical design considerations will be 
discussed in the following section for this scanner, notable features include the slip- 
ring gantry that enables continuous rotations of SPECT and CT and the use of a 
solid-state detector material (CdZnTe or CZT) for the SPECT module.

   During this period of developments, Gamma Medical-Ideas went ahead with 
commercialization of preclinical SPECT/CT system combining its A-SPECT pre-
clinical scanner with a CMOS-based X-ray CT subsystem in a scanner gantry rotat-
ing around a horizontal axis [ 27 ]. After the success of this commercial platform, 
most of other commercial vendors and academic researchers started to offer or build 
other preclinical SPECT/CT systems.  

4     Design Considerations of Dual-Modality 
Preclinical SPECT/CT 

 The following list is a list of implemented dual-modality preclinical SPECT/CT sys-
tems. Although this list probably does not include all of the systems developed or 
being developed, key features that are generally applicable to any other developments 
of the combined SPECT/CT system are mentioned for each development. Also, the 
status of the development, either research or commercial, is indicated for each sys-
tem. Some different fl avors of SPECT/CT integrations are depicted in Fig.  12.3 .
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4.1       University of California, San Francisco (Research) 

 The preclinical SPECT/CT scanner built at UCSF is also known as MoHawk 
(“Mo”use “Hawk”eye) named after the Hawkeye technology from GE Healthcare’s 
clinical SPECT/CT products for which the UCSF group contributed signifi cantly in 
its original innovation. The key features of the MoHawk SPECT/CT are:

 –    SPECT/CT integration type: In-plane,  
 –   Helical scan capability: Both imaging modalities (continuous rotation),  
 –   SPECT detector material: CdZnTe,  
 –   CT detector material: GOS (gadolinium oxysulfi de)/CCD,  
 –   Collimators: single pinholes down to 0.5 mm diameter,  
 –   Other notable features: Slip-ring platform and a large disk-shape optical table for 

mounting scalable CT and SPECT components.     

4.2     Gamma Medica-Ideas, Inc. (Commercial) 

 The fi rst preclinical integrated SPECT/CT scanner was from Gamma Medica-
Ideas’ X-SPECT™ that combined their NaI(Tl)-based LumaGEM ®  gamma 
camera with a microfocus conebeam X-ray CT scanner (X-O™). As of June 
2009, Gamma Medica-Ideas has a product line FLEX Triumph™ preclinical plat-
form that can consist of a combination of SPECT, CT, and PEt all in one platform. 

  Fig. 12.2    UCSF MoHawk SPECT/CT scanner with two CZT-based pinhole SPECT cameras and 
X-ray cone-beam CT subsystem placed on a disk-gantry attached to a slip-ring ( left ). This system 
is designed to mount up to four pinhole/multipinhole CZT-based gamma cameras with a retract-
able in-plane microfocus CT ( right ) built on the same disk-gantry       
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The key features of Gamma Medica-Ideas’ preclinical multimodality imaging 
systems for SPECT/CT offering are (from   http://www.gm-ideas.com/    ):

 –    SPECT/CT integration type: In-plane,  
 –   Helical scan capability: Spiral SPECT, but not continuous rotation over one 

spiral,  
 –   SPECT detector material: NaI(Tl) or CdZnTe,  
 –   CT detector material: GOS/CMOS,  

  Fig. 12.3    Different fl avors of preclinical SPECT/CT integration. ( a ) Compact box system that 
includes both small FOV X-ray CT and SPECT components from University of Arizona (Reprinted 
with permission from [ 28 ]). ( b ) An inside view drawing of Gamma Medica-Idea’s FLEX 
Triumph™ gantry that shows the triple-modality (SPECT–CT–PET) confi guration. ( c ) Another 
triple-modality confi guration of a large gantry design with suffi cient room around the scanner 
components (Siemens Inveon Multimodality gantry). ( d ) Docked SPECT/CT 
confi guration–U-SPECT/CT from MILabs (fi gures of ( b – d ) are from product brochures)       
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 –   Collimators: parallel hole, single pinholes, multipinholes with different fi elds of 
view (FOVs) for mice and rats separately,  

 –   Other notable features: Offered as the triple modality (SPECT–PET–CT) 
confi guration.     

4.3     University of Arizona (Research) 

 University of Arizona’s Center for Gamma-Ray Imaging has had a long history of 
gamma imaging technology developments. Based on their enormous resources and 
accumulated expertise, a combined SPECT/CT system for small animal imaging 
applications was developed with a focus on its compact design [ 28 ]. The key fea-
tures for this compact SPECT/CT system are:

 –    SPECT/CT integration type: In-plane,  
 –   Helical scan capability: No,  
 –   SPECT detector material: CdZnTe,  
 –   CT detector material: GOS (gadolinium oxysulfi de)/CCD,  
 –   Collimators: high resolution parallel-hole with a matching pitch on detector 

pixels,  
 –   Other notable features: Compact size (79 cm × 48 cm × 46 cm outside box dimen-

sion) and rotation stage (vertical animal holder).     

4.4     Jefferson Lab and Johns Hopkins 
University (Research) 

 There are two generations of the preclinical SPECT/CT development from the 
group from Jefferson Lab and University of Virginia in collaboration with Johns 
Hopkins University [ 29 ,  30 ]. Their original system was confi gured to be a triple- 
modality that had an option of adding an optical imaging component to SPECT/CT. 
The current generation of their preclinical SPECT/CT system is based on a modi-
fi ed Siemens MicroCAT II gantry. The key features of the current generation system 
design are:

 –    SPECT/CT integration type: In-plane,  
 –   Helical scan capability: No,  
 –   SPECT detector material: NaI(Tl)-PSPMT (position sensitive photomultiplier 

tube),  
 –   CT detector material: CsI/CCD,  
 –   Collimators: parallel-hole and pinholes,  
 –   Other notable features: Currently confi gured to image awake mice using infrared 

tracking system for animal motion.     
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4.5     Siemens Medical Solutions (Commercial) 

 Siemens at its Knoxville, Tennessee facility has developed a high-end line of pre-
clinical imaging systems with a universal platform line named as Inveon. The 
Inveon Multimodality (MM) can be built as a triple-modality (PET–CT–SPECT) 
confi guration on a single gantry [ 31 ]. The key features of Siemens preclinical 
SPECT/CT confi gured in the Inveon MM gantry are:

 –    SPECT/CT integration type: In-plane  
 –   Helical scan capability: No  
 –   SPECT detector material: NaI(Tl)-PSPMT (position sensitive photomultiplier tube)  
 –   CT detector material: GOS/CCD  
 –   Collimators: parallel-holes, single pinholes, and multipinholes  
 –   Other notable features: The Inveon MM can be confi gured as a triple modality 

system (SPECT and CT in-plane and PET module next to it).     

4.6     Bioscan and MILabs (Commercial) 

 Bioscan’s NanoSPECT and MILabs’ U-SPECT II are both multipinhole SPECT 
systems that provide stationary acquisition modes and very high spatial resolution 
of SPECT imaging. Unlike other preclinical SPECT/CT systems described above, 
these two SPECT scanners are also offered as SPECT/CT systems (NanoSPECT/
CT and U-SPECT/CT) with a docked or serial confi guration combining two sepa-
rate SPECT and CT modules attached together. The docked or serial confi guration 
is different in many ways from the other SPECT/CT systems described above. The 
most notable difference is that the in-plane SPECT/CT systems (all systems except 
Bioscan or MILabs systems) have a stationary animal bed during both SPECT and 
CT acquisitions. The docked or serial confi guration by Bioscan or MILabs systems 
needs an animal bed that translates between two imaging modalities. Besides, the 
docked confi guration applied to U-SPECT/CT (MILabs) has one clear advantage 
when separate operations of SPECT and CT are fully utilized for independent appli-
cations that do not need both imaging capabilities.   

5     Applications of Dual-Modality Preclinical SPECT/CT 

 The specifi c applications that absolutely need dual-modality preclinical SPECT/CT 
systems simultaneously are actually rare. However, the addition of CT to SPECT 
for the benefi ts described above makes most SPECT studies more quantitative, eas-
ier to the eyes, and provides more confi dence in their interpretations than when 
standalone preclinical SPECT systems are utilized. 
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5.1     Drug Discovery and Evaluation 

 SPECT/CT for drug discovery and evaluation has a signifi cant potential because 
SPECT/CT is one of few strategies toward quantitative SPECT evaluations of new 
drug candidates. In this application, tracer quantifi cation is the most essential 
because in vivo animal imaging with a new drug candidate can be quantifi ed from 
SPECT reconstructed images without sacrifi cing animal models at many different 
time points for biodistribution studies. Technically, when quantitative accuracy of 
SPECT reconstruction is robust and reliable, a pharmaceutical’s concentration (in 
unit of mg/ml) estimation is feasible, and has a possibility of accelerating the drug 
evaluation process [ 18 ].  

5.2     Neurological Applications 

 Although brain imaging using SPECT in small animals is often conducted [ 32 ,  33 ], 
there is little use of preclinical CT for neurological applications. In addition, the CT 
addition to SPECT reconstruction for brain sometimes minimally useful because the 
brain anatomy is easily identifi able from SPECT-only studies. For example, cerebral 
blood fl ow studies using  99m Tc-exametazime SPECT in animal models (as shown in 
Fig.  12.4 ). However, neurological applications demand the highest- possible spatial 
resolution; thus controlling the movement of small animal heads during both SPECT 
and CT is important to achieve best possible image resolution. One way to maxi-
mize spatial resolution in brain imaging using SPECT and CT in small animal mod-
els is to use a X-ray-transparent stereotactic device to fi x the movement of animal 
heads during acquisitions [ 34 ]. With help of iodinated contrast agent, small animal 

  Fig. 12.4    SPECT and CT images obtained from a rat brain imaging study using  99m Tc- exametazime  
[ 35 ]. The rat model of ischemic stroke was imaged by Gamma Medica-Idea’s FLEX X-SPECT/
X-O system. From  left  to  right : 3D volume rendered SPECT and CT images fused together, trans-
axial view of SPECT–CT images, and transaxial SPECT-only image.  Arrows  indicate the 
hypoperfusive area affected by regional cerebral blood fl ow       
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brain CT for cerebrovascular investigation can be combined with brain SPECT 
applications using a combined preclinical SPECT/CT scanner [ 35 ].

5.3        Cardiovascular Applications 

 Cardiovascular SPECT using small animal models is an emerging and ever- evolving 
fi eld [ 36 ,  37 ]. Cardiovascular CT using small animal models also witnesses the 
same enthusiasm from researchers. The motion of the animal’s thorax, where the 
heart sits, is what makes the biggest infl uence on cardiovascular investigations. 
Controlling organ motion by ECG or respiratory gating is often another complica-
tion of the use of SPECT/CT imaging systems in cardiovascular applications. 
Prospective ECG/respiratory gating strategies for both systems are desired in quan-
titative evaluations of cardiovascular disease processes in small animal models. 

 CT-based attenuation correction (AC) for preclinical SPECT studies also can 
make a difference in the appearance of SPECT reconstructed images. An example 
to elucidate the impact of CT-based AC is shown in Fig.  12.5 . As in this fi gure, 
myocardial perfusion imaging agent radiolabeled with iodine-125 without attenua-
tion correction could lead to false positive reading of perfusion defi cit where photon 
attenuation diminishes image intensity.

  Fig. 12.5    Reconstructed SPECT images with CT-based attenuation correction ( above ) and with-
out AC ( bottom ) visualizing the heart of a normal rat. The imaging agent was iodine-125-labeled 
iodorotenone, myocardial perfusion imaging agent (Reprinted with permission from [ 6 ])       
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5.4        Oncologic Applications 

 In oncologic applications, having SPECT/CT capability in preclinical studies is 
potentially signifi cant because CT guides exact anatomical localization of uptake of 
SPECT oncologic agents, and provides a gateway to tracer quantifi cation [ 24 ,  38 ]. 
Figure  12.6  elucidates this point. The tracer distribution seen by SPECT using pros-
tate specifi c membrane antigen (PSMA) targeting 7E11 antibody radiolabeled with 
indium-111, pinpoints tracer accumulation in mouse xenograft model (LNCaP) 
[ 39 ]. CT overlay images provide means to delineate the tumor boundaries for tracer 
uptake quantifi cation.

6         Perspectives on Future Developments 

 The progress on advanced SPECT/CT preclinical systems is dependent on techno-
logical advances on each modality independently. The integration of SPECT and 
CT will hardly change because there are benefi ts for both in-plane or side-by-side 
confi gurations, and few other confi gurations are practical. However, one should 
note that cost-effective rail- or track- based modular imaging systems for SPECT/
CT using existing standalone SPECT and CT scanners can be also realized although 
this approach should be not confused with integrated SPECT/CT systems. 

  Fig. 12.6    Small animal SPECT/CT in an oncologic preclinical application. Coronal ( top ,  a – e ) and 
transaxial ( bottom ,  a – e ) are shown. The colored superimposed images are from SPECT, and the 
 black  and  white  images are from CT. ( f ) depicts 3D rendered volumes simultaneously showing 
SPECT and CT images (Reprinted with permission from [ 13 ])       
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This approach has been implemented using clinical systems [ 40 ] as well as small 
animal systems [ 41 ]. Commercializations of emerging technologies such as use of 
solid- state detectors like CZT will also depend on the progress of each imaging 
modality separately. The progress of the fi eld itself is expected to be centered around 
biological applications of the systems. One example is that MRI integration of 
SPECT may provide better anatomical reference of SPECT studies because of high 
soft-tissue contrast provided by MRI over CT. In small animal applications, this 
combination may prove a wider spectrum of applications than its human version 
because the FOV from both SPECT and MRI can be implemented suffi ciently large 
to cover the whole animals.     
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1            Introduction 

 In vivo molecular imaging techniques, such as positron emission tomography (PET) 
utilize imaging probes that are targeted to specifi c biochemical pathways, bind to 
specifi c receptors, or that accumulate in a specifi c fashion in cells expressing par-
ticular genes or proteins. The use of these imaging probes and techniques in vivo 
has enabled the non-invasive, longitudinal study of animal models of human dis-
ease, allowing each animal to serve as its own control, reducing experimental uncer-
tainty. The use of longitudinal imaging of a single animal is particularly important 
for studying animal models of disease that have variable time of onset and degree of 
severity, such as metastatic cancer models or diseases with genetic causes. The 
power of preclinical PET imaging to enable non-invasive imaging of molecular 
level processes has led to a growing market for preclinical PET cameras and its 
widespread use in basic medical research. 

 An unavoidable limitation of in vivo PET imaging is that the high specifi city of 
many of the positron-emitting radiopharmaceuticals (PERs) used results in images 
that have little anatomical information available and thus can be diffi cult to inter-
pret. The integration of PET with an anatomical imaging technique provides an 
obvious solution to this problem by providing a high resolution subject specifi c 
anatomical map that is automatically coregistered with the functional PET image. 
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Beyond the advantage of facilitating interpretation this anatomical map can also be 
used to enhance the accuracy of the PET data by acting as an input for correction 
algorithms such as attenuation, scatter, and partial volume. The obvious synergy of 
functional and anatomical imaging modalities has led to signifi cant interest in the 
development of multimodal imaging systems for preclinical imaging applications, 
with research groups working on combining PET with X-ray computed tomography 
(CT), PET with magnetic resonance imaging (MRI), single photon emission com-
puted tomography (SPECT) with CT, SPECT with MRI, and even PET and SPECT 
with CT. This rapid expansion in multimodality preclinical imaging systems has 
been enabled by the maturing of dedicated preclinical imaging systems and an 
increasing demand from researchers using animal models for combined functional 
and anatomical imaging. Another key factor in the push for preclinical dual- modality 
imaging systems was the introduction of dual-modality clinical PET/CT imaging in 
the late 1990s [ 1 ]. Clinical PET/CT has proved so successful that virtually all new 
clinical PET cameras installed today are hybrid PET/CT devices. 

 X-ray CT has several distinct advantages as a complementary anatomical imaging 
technique for use in combination with PET. Firstly, the image formation process is 
based on measuring the attenuation of energetic X-ray photons in the object being 
imaged so that the resultant image has intensity proportional to the attenuation prop-
erties of the material in the image voxel. This image formation process makes CT 
images well suited for use in attenuation correction of PET images since the μ values 
measured with the lower energy X-ray beam can be scaled to the respective values at 
the 511 keV PET photon energy. This is in sharp contrast to MRI, where the image 
intensity is not related to the attenuation properties of the object, making the genera-
tion of MRI based attenuation corrections for PET a challenging problem. Secondly, 
there is not a fundamental incompatibility between standard PET and CT imaging 
hardware in the same way that there is with photomultiplier tube (PMT) based PET 
detectors and MRI systems. This greatly simplifi es the integration of PET and CT 
imaging techniques. Finally, preclinical CT imaging has advanced to the point where 
scanning times can be relatively short as compared to the time required for PET 
imaging. The additional time required to generate a high quality CT image can thus 
be much shorter than the time required to measure an attenuation map on the PET 
system using an external radioisotope source such as  68 Ge or  57 Co. 

 In this chapter we will examine the development of preclinical PET/CT imaging 
systems from bench-top prototype to commercial product. We will then examine cur-
rent approaches to PET/CT imaging and examine the benefi ts and problems associated 
with each method. Applications of dual-modality PET/CT imaging will be explored 
and fi nally we will look at future directions in preclinical PET/CT imaging.  

2     Development of Preclinical PET/CT Systems 

 In the past decade preclinical PET/CT instrumentation has undergone a rapid evolu-
tion from laboratory bench-top prototype to fully integrated, commercially produced 
system. This evolution been driven by a maturing of the technology behind animal 
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imaging systems, advancements in software for data handling and processing, and a 
consolidation in the preclinical imaging system industry so that manufacturers came 
to include expertise in both PET and CT in the same company. The potential for 
combining PET with an anatomical imaging technique was recognized early in the 
development of dedicated preclinical tomographs. In the mid-1990s, dedicated pre-
clinical CT systems did not exist yet, so work on dual-modality systems focused on 
developing MRI compatible PET systems [ 2 – 5 ] that could fi t within the bore of a 
clinical 1.5 T MRI system. This early work, while demonstrating the feasibility of 
multimodality imaging, did not immediately translate into practical use due to the 
highly limited fi eld of view (FOV) of the single slice PET systems developed for this 
purpose and the need for utilizing a clinical MRI system. 

 By the late 1990s there were two developments in preclinical imaging instru-
mentation that would ultimately enable the preclinical PET/CT systems that would 
appear over the following decade. The fi rst development was a focused research 
effort on development of animal PET cameras that led to the creation of a number 
of prototype imaging PET systems [ 6 – 14 ] and was followed shortly after by the 
commercial availability of systems based on these designs [ 15 – 20 ]. The second key 
development was a similar effort on developing preclinical CT systems [ 21 – 27 ] that 
ultimately led to the availability of a number of commercial preclinical CT systems 
[ 28 – 30 ]. We refer the reader to Chaps.   5     and   6     for discussions of the development 
of these systems. With viable hardware existing for both preclinical PET and CT 
systems, work could begin on integrated dual-modality imaging systems. 

 By the early 2000s a number of groups were actively working on developing 
approaches to achieve dual-modality preclinical PET/CT imaging. At the time, access 
to commercially produced imaging systems was still very limited so that centres with 
both a PET and CT system for animal imaging were rare. Development work thus 
focused on constructing proof of principle devices [ 31 ] such as that shown in Fig.  13.1 . 

  Fig. 13.1    Example of prototype PET/CT system. ( a ) Schematic of coplanar PET and CT systems 
and vertically positioned mouse bed. ( b ) PET/CT scan of a mouse following 18F- administration. 
Adapted with permission from [ 31 ]       
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At the time, CT acquisitions required 10–15 min due to the slow readout rate of the 
detectors used so simultaneous acquisition strategies were seen as viable despite the 
inherent compromise in PET imaging performance due to the required shielding for 
scattered X-rays. These devices demonstrated the possibility for PET/CT imaging but 
similar to early PET/MRI devices, were not practical for high throughput in vivo imag-
ing situations as they were generally bench-top devices which featured vertically ori-
ented mouse beds [ 22 ,  31 ]. As commercially produced preclinical PET and CT systems 
became more widespread, development work shifted to integration of stand-alone PET 
and CT systems [ 32 – 34 ] with the two systems being arranged in a coaxial manner 
so that the bed with the animal could be passed through the FOV of each system. 
An alternative approach was to develop an animal bed that would hold the mouse in a 
stable position and could be moved between the PET and CT system [ 35 ,  36 ]. The 
increasing reliability of the data collected through these approaches allowed work on 
software that could make use of the multimodality nature of the data.

   Due to the long X-ray exposure times routinely used in early preclinical CT sys-
tems a common concern was the magnitude of the radiation dose being delivered to 
the mouse. In PET/CT imaging, both imaging modalities deliver radiation dose to 
the subject unlike PET/MRI, where MRI does not use ionizing radiation. A funda-
mental goal of any in vivo imaging technique is to avoid the situation in which the 
imaging technique affects the process being followed. Early measurements by Paulus 
et al. [ 28 ] suggested that the dose from a screening CT scan could exceed 5 % of the 
LD50/30 values for radiation exposure in mice. The need for these high exposure 
levels was well described in an important paper by Ford et al. [ 37 ] in which the dose 
vs. image noise tradeoff for small image voxel sizes was described. Subsequent work 
to better characterize the radiation dose by Monte Carlo simulation [ 38 – 40 ] and 
thermoluminescent dosimeter (TLD) measurements [ 28 ,  38 ,  41 – 44 ] showed that the 
radiation dose to a mouse could be kept below 2 cGy for a screening CT scan such 
as one might expect to perform on a PET/CT system. At the same time researchers 
were becoming increasingly aware of the radiation dose delivered by PERs to the 
animals being imaged, with dosimetry calculations showing that tens of cGy could 
be delivered to a mouse from a PET study [ 45 – 48 ]. While these radiation exposures 
are an unavoidable consequence of using PET/CT techniques, researchers must be 
aware of them to ensure that the disease model under study is not being infl uenced 
by the imaging being employed.  

3     Current Approaches to Preclinical PET/CT Imaging 

3.1     Standalone PET and CT Systems with a Moveable Bed 

 With the increasing availability of both preclinical PET and CT in imaging centres there 
is a growing interest in performing sequential imaging studies with the two modalities 
and using software to register and fuse the images. This approach requires fi xation of 
the animal being imaged to an imaging bed that can be moved between imaging sys-
tems so that there is no movement of the animal between the two studies [ 35 ,  49 ,  50 ]. 
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A simple rigid body registration is then suffi cient for fusing the PET and CT images 
with sub millimeter accuracy [ 36 ]. Figure  13.2  shows two examples of this type of 
multimodality imaging bed designed specifi cally to be compatible with PET and CT 
imaging and Fig.  13.3  illustrates examples of preclinical data collected using this 
technique. Common features on beds of this design include a method to keep the 
animal in a stable position, built in gas anaesthesia delivery lines, leads for physio-
logical monitoring equipment, a method of heating the animal to maintain body 
temperature, and fi ducial markers visible with multiple imaging techniques to aid in 
image registration. An important additional design consideration for this type of bed 
is that the chamber can be sealed to maintain barrier conditions within the chamber, 
allowing animals to be imaged and then returned to the primary care facility. Several 
companies now offer commercial versions of these types of multimodality imaging 
beds [ 51 ,  52 ]. More refi ned immobilization devices were also suggested with regis-
tration accuracy in the order of 0.2–0.3 mm [ 53 ].

    Using two standalone systems for multimodality imaging has several advantages 
over a single integrated device. In high throughput environments, two animals can be 
imaged at one time when two systems are used, as opposed to having one animal tie 
up both imaging modalities on an integrated device. The use of multiple imaging 
beds allows additional animals to be prepared for imaging while the camera systems 
are in use, thus minimizing the setup time normally associated with positioning an 
animal on the imaging bed at the start of a scan. Having two systems also allows for 
greater fl exibility in upgrading and/or replacement of imaging systems since they can 
be treated independently. In addition, access to the animal being imaged is often bet-
ter with this arrangement than in a single integrated unit. Among the advantages, 
perhaps the most signifi cant is that there need be no compromise in the quality of the 
PET or CT system being used since they can be independently chosen from the best 
manufacturer for each type of system. Acquiring PET and CT images from two sepa-
rate cameras does however require in-house expertise in data management in order to 
register and fuse the two image data sets [ 36 ,  54 ]. This requirement can be a limiting 
factor to implementing PET/CT imaging on two cameras at a smaller imaging centre. 

  Fig. 13.2    Two examples of multimodality imaging beds designed for mouse imaging. 
Multimodality chamber compatible with PET, MRI, CT and optical imaging ( left ). Multimodality 
chamber designed for PET and CT imaging ( right ). Both devices feature built in restraint systems, 
gas anesthesia delivery lines, and leads for physiological monitoring.  Left  and  right panels  adapted 
with permission from [ 49 ] and [ 35 ], respectively       
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Another drawback to this approach is that there can be shifting of the animal during 
movement between the two systems, leading to registration errors which lead to 
 artifacts in the image due to errors data corrections such as attenuation [ 55 ].  

3.2     Docking PET and CT Systems 

 Integration of PET and CT imaging into a single system can be accomplished by 
docking separate PET and CT systems together so that they share a common bed 
which passes through the FOV of both cameras. Docking type systems, such as the 
one shown in Fig.  13.4 , have been developed by a number of research groups 

  Fig. 13.3    Example of a projection image showing all the 3D data for a combined FDG-PET/CT 
scan of a tumor bearing mouse ( left ). Using this view, all parts of the data are visible as one image. 
Example of coronal view of a second FDG PET/CT image. Tomographic views enable detailed 
examination of all the image data on a slice by slice basis. Adapted with permission from [ 56 ]       
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[ 32 – 34 ] by combining either custom or commercially built PET and CT systems. 
These devices are commonly independently controlled by separate data acquisition 
consoles so that they can be separated and operated independently. At the present 
time, there is at least one commercially available system of this design [ 57 ] shown 
in Fig.  13.5 . This approach to combined PET/CT imaging follows along the same 
path as the clinical implementation of PET/CT imaging, in which complete PET 
and CT systems are placed axially adjacent to each other [ 58 ].

  Fig. 13.4    Photo of a docking-type PET–CT system constructed by combining a custom built 
micro-CT scanner ( left panel ) with a commercially produced Siemens microPET R4, shown 
together in the  right panel . Reprinted with permission from [ 33 ]       

  Fig 13.5    Example of preclinical commercially available PET/CT system, the Siemens Inveon, 
shown in docking format ( left ) which is comprised of stand-alone PET and CT systems docked 
together, and an integrated multimodality format ( right ). For clarity the internal component are 
shown schematically in the integrated system. Adapted with permission from [ 57 ]       
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    A key advantage of a docked PET/CT system over independent PET and CT 
cameras is that the animal and imaging bed are not moved between the two scans, 
thus reducing errors and artifacts introduced by movement of the animal in between 
scans. Docked systems offer some degree of fl exibility in choice of PET and CT 
system but are unlikely to be independently upgradeable with the same ease as for 
independent systems due to the requirement of needing systems from the same 
manufacturer.  

3.3     Integrated PET/CT Imaging Systems 

 In the past 3 years, integrated preclinical PET/CT imaging systems have become 
commercially available. An example of such a system, the FLEX Triumph TM  from 
Gamma Medica-Ideas (now commercialized by GE Healthcare) [ 59 ], features a 
complete ring PET system with an X-ray CT and optional semiconductor-based 
SPECT system. The FLEX system can be confi gured with either the RRPET/X- 
PET [ 60 ] or the LabPET™ [ 61 ] as a PET sub-system. Another example of this 
design is the Siemens Inveon Multimodality system [ 57 ,  62 ], shown in Fig.  13.5 , 
which combines an Inveon PET system with an X-ray CT and optional SPECT 
system in a single gantry. Both of these systems are similar to the docked system 
design in that they incorporate a full ring high performance PET system with a high 
performance standard X-ray CT system placed axially adjacent to each other. This 
approach to combining PET and CT is the most technically challenging from a 
hardware point of view but is perhaps the simplest approach from an end user point 
of view since all imaging functions and corrections are implemented in a single 
machine. Integrating PET and CT into a single gantry has many of the same advan-
tages of a docking system in that the animal does not need to be moved from one 
system to another but rather only the bed needs to be translated through the axial 
fi eld of view of both cameras. In addition, these types of systems allow the user to 
set up and acquire a complete PET/CT protocol with minimal intervention between 
scans. The key benefi t of this design is that the integration of the PET and CT data 
acquisitions can be transparent to the end user, simplifying the training of users and 
minimizing the data handling and processing infrastructure required to integrate the 
two imaging modalities. 

 While integrated systems have many benefi ts, they also have drawbacks. A com-
mon complaint of this type of system is that the long tunnel design of these systems 
can serve to limit access to the animal during an imaging study, making it diffi cult 
to perform dynamic PET studies that require an injection of the PER at the start of 
the study. This can be problematic for monitoring respiratory and ECG-gating sig-
nals, motion problems and can make blood sampling diffi cult or even impossible. 
Another key drawback of this type of system is that the PET and CT systems must 
come from a single manufacturer and the upgrade path is limited to devices that will 
fi t within the existing gantry. 
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 More recently, several groups have developed novel dual-modality preclinical 
scanners with coplanar geometries that overcome some of the limitations imposed 
by the long axial tunnel length of other multimodality systems. An example of this 
type of system is the ClearPET/XPAD shown in Fig.  13.6  which combines a modi-
fi ed design of the ClearPET preclinical PET scanner [ 63 ] with the XPAD hybrid 
pixel X-ray detector to allow simultaneous dual-modality PET/CT imaging [ 64 ]. 
Due to the simultaneous acquisition of PET and CT data, an important consider-
ation for this design is the shielding of PET detector blocks to prevent their satura-
tion by the low energy scattered X-ray CT photons. Another design, the VrPET/CT 
[ 65 ] combines a partial-ring PET system and a small-animal CT assembled on a 
rotating gantry without axial displacement between the geometric centers of both 
fi elds of view. The PET subsystem performance characteristics were evaluated 
using the recently adopted NEMA NU-4 protocol [ 66 ]. Inter-modality alignment 
accuracy of less than half the PET system’s spatial resolution (radial and tangential 
FWHM at the center were 1.48 and 1.88 mm, respectively) was reported. Unlike the 
ClearPET/XPAD system, the VrPET/CT is designed to acquire PET and CT data 
sequentially rather than simultaneously, thus removing the need for shielding the 

  Fig. 13.6    Gantry design for a combined PET/CT system allowing simultaneous dual-modality 
imaging. Reprinted with permission from [ 64 ] (© 2007 IEEE)       
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PET detectors from the scattered X-rays. Both of these system designs use partial 
ring geometries for the PET system, thus requiring rotation of the PET detector ring 
to acquire full tomographic data which ultimately limits the minimum frame time 
for dynamic studies to the time required for a full rotation of the PET detector ring.

3.4        Preclinical PET/CT Using a Clinical System 

 A few studies involving preclinical imaging on large-bore clinical PET scanners, 
particularly for tumor-bearing mice, have demonstrated the need for the high resolu-
tion of dedicated small-animal PET units to enhance the detectability of small tumors 
[ 67 ,  68 ]. However, for some studies a clinical PET/CT camera can represent a viable 
alternative to dedicated preclinical instrumentation [ 69 ,  70 ]. For larger animal sub-
jects, such as woodchucks [ 71 ] or larger primates, a dedicated animal system may be 
too small. Therefore, this is a plausible alternative for studies involving larger ani-
mals or for centers without animal imaging infrastructure. Dedicated high resolution 
brain PET scanners such as the High Resolution Research Tomograph (HRRT) [ 72 ] 
and many other designs [ 73 ] have also been widely used for preclinical and primate 
PET studies in many facilities. The recent availability of high resolution breast PET/
CT scanners [ 74 ,  75 ] might also offer additional opportunities for laboratory animal 
imaging. Similar dual-use opportunities may exist for low-cost transformable PET 
cameras that can be confi gured into either a large-bore whole- body (e.g. 83 cm 
detector ring diameter, 13 cm axial fi eld-of-view) or a smaller-bore brain/breast/
axilla (54 cm detector ring diameter, 21 cm axial fi eld-of-view) scanner [ 76 ]. 

 The quantitative analysis of  124 I PET images of a small-animal phantom scanned 
on a clinical PET system revealed the viability of this approach for preclinical imag-
ing [ 77 ]. One of the advantages is the ability to perform high-throughput studies to 
assess the performance of novel PET tracers in a timely and cost-effective manner 
by imaging many animals simultaneously. Promising tracers as judged by this 
screening technique can then be further assessed using conventional necropsy 
studies.   

4     Integration of PET and CT Data 

 The advantages of improved image quality and quantitative accuracy that are avail-
able for clinical applications of dual-modality imaging also are being investigated 
as a means of facilitating biological research, especially those that involve small- 
animals such as mice and rats [ 78 – 80 ]. The arguments for combining multimodality 
data in the context of clinical imaging still hold for preclinical imaging where the 
potential advantages of combining anatomical and functional imaging have been 
well recognized by biomedical researchers. Multimodality molecular imaging has 
become an essential tool for the development of new tracers, to study the molecular 
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pathways of disease, including factors such as gene expression, in living subjects, 
and to test new therapeutic approaches in animal models of human disease. However, 
multi-modality imaging requires robust registration of images generated by various 
modalities. A substantial number of techniques have been proposed to achieve the 
goal of multimodal medical image registration [ 81 ,  82 ]. However, image registra-
tion algorithms widely used in clinical studies have not been well characterized in 
small-animal setting [ 83 ]. However, despite progress made during the last few 
years, many image registration problems particularly for small animal imaging 
remain unsolved, and this is likely to continue to be an active fi eld of research in the 
future (see Chap.   10    ). 

 Preclinical molecular imaging has a long tradition of incorporating quantitative 
analysis in research protocols even when using non-standard nuclides where the 
problem becomes more complex owing to the concurrent emission of other gamma 
rays during the decay process [ 84 ]. Much worthwhile effort has been spent on the 
development of accurate models for improved quantifi cation of molecular targets 
using combined PET/CT imaging (see Chap.   17    ). Several studies reported on the 
improvement of the quantitative capability of small-animal PET studies through 
accurate image correction strategies [ 85 – 90 ]. For example, Fahey et al. [ 85 ] reported 
that the microPET P4 scanner provides accurate quantitation to within 6 % for fea-
tures larger than 10 mm. In addition, 60 % of object contrast was preserved for 
features as small as 4 mm. To take full advantage of the quantitative capabilities of 
PET imaging, data normalization [ 90 – 92 ] and object-specifi c correction of back-
ground (randoms) and physical degrading factors such as attenuation [ 54 ,  93 – 95 ], 
scatter [ 96 – 101 ], partial volume effect (PVE) [ 102 ,  103 ], and motion [ 104 – 106 ] 
must be performed prior to reconstruction or incorporated within advanced iterative 
image reconstruction techniques [ 107 ,  108 ]. Until recently, the analysis was based 
on functional or metabolic images as the sole input although the importance of the 
complementary information available from other anatomical modalities or from 
earlier scans has long been recognized. In addition, the visual quality and quantita-
tive accuracy of small-animal imaging can be improved using anatomical imaging 
techniques to guide the reconstruction procedure [ 109 ,  110 ] and to correct the PET 
data for physical errors. 

 On the other hand, sophisticated kinetic modeling tools are needed to quantify 
physiological processes in vivo in basic science research investigations involving 
small-animal studies [ 111 ]. Absolute quantifi cation using PET generally requires 
accurate measurement of activity concentrations in arterial blood, which provides 
the input function to the kinetic model used. Although many dedicated blood sam-
pling devices have been specifi cally designed for this purpose (e.g. [ 112 ,  113 ]), this 
remains a challenging task in small-animal imaging. 

 The above referenced issues are reviewed in detail in Chap.   17     of this volume and 
will not be discussed here except for a brief discussion of the photon attenuation prob-
lem owing to the impact of combined PET/CT systems on attenuation correction. 
Photon attenuation is recognized as one of the major issues impacting image quality and 
quantitative analysis of PET images [ 95 ,  114 ]. CT-based attenuation correction (CTAC) 
is one the well established techniques in combined clinical and preclinical PET/CT 
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scanners owing to the low statistical noise and high-quality anatomical information, 
small crosstalk between PET annihilation photons and low energy X-rays, and higher 
throughput imaging protocols [ 54 ,  93 ,  115 ]. However, precise and accurate conversion 
of CT numbers derived from low-energy polyenergetic X-ray spectra from a CT scan-
ner to linear attenuation coeffi cients at 511 keV has become essential in order to apply 
accurate CTAC to the acquired PET data [ 54 ,  116 ]. 

 The practical implementation of CT-based attenuation correction usually requires 
X-ray CT scanning of a cylindrical phantom containing cylindrical holes fi lled with 
a mixed solution of K 2 HPO 4  and water with varying concentrations to simulate 
biological tissues with different densities. The calibration curve obtained can then 
be used for conversion of CT images of the animal to an attenuation map that can be 
used for attenuation correction purposes at the 511 keV photon energy in PET 
(Fig.  13.7 ) [ 115 ]. Despite the fact that the use of CTAC is recognized to lead to more 
accurate quantifi cation in high resolution preclinical PET imaging, further work is 
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still needed to explore its broad potential, in particular in combination with scatter 
and beam hardening correction of cone-beam CT data [ 117 ].

5        Applications of Preclinical PET/CT Imaging 

 During the fi rst days of their inception, the role of small-animal PET scanners was 
rather unclear and controversial [ 118 ]. It was later recognized with a more pro-
nounced enthusiasm that this technology is essential for molecular imaging-based 
biomedical research [ 119 – 122 ]. However, the success and widespread adoption of 
combined PET/CT systems in clinical environments has not yet materialized in the 
preclinical setting. 

 An impressive literature exists on the use of PET and PET/CT in preclinical 
research, ranging from the mouse up to the monkey. A comprehensive overview of 
published literature is beyond the scope of this chapter. Dedicated high-resolution 
small-animal PET scanners have been used in a wide variety of fi elds including tracer 
development [ 123 ,  124 ], drug discovery [ 125 – 128 ], development of therapeutic tar-
gets and targeted therapies [ 129 ,  130 ] and many other applications [ 131 ]. Interested 
readers are encouraged to consult other chapters of this volume addressing the appli-
cations of preclinical imaging in neurology and psychiatry (Chap.   19    ), cardiology 
(Chap.   20    ), oncology (Chap.   21    ), infl ammation and infection (Chap.   22    ), gene 
expression (Chap.   23    ), and drug development (Chap.   24    ).  

6     Future Directions of Preclinical PET/CT 

 The future of preclinical PET/CT imaging lies in the design of systems that make 
multimodality imaging simple, easy, accurate and reproducible. The target informa-
tion is not so much pretty images, but rather the information content related to how 
much of the imaging probe went to what specifi c location. The latter can be easily 
achieved through the availability of anatomical imaging in the combined system. 
The process of creating fused co-registered images from multiple modalities will 
become increasingly automated and require less user interaction. One issue does 
remain clear, which is that the more information that can be obtained, whether 
sequentially or simultaneously, the better a biological system can be understood. 
Often the imaging modalities are complimentary, providing different information 
about the same animal, thus multimodality is likely to become the normal way 
imaging-based research is conducted in the future. 

 In this respect, there are many different design paths being pursued in academic 
and corporate settings and it will be interesting to see what technologies become the 
most successful in the future. As an alternative to the above described designs, 
the Sherbrooke group is working towards a combined PET-CT system based on the 
LabPET™ scanner [ 20 ,  61 ] developed by the same group (now commercialized by 
GE Healthcare), where PET and CT data are acquired using the same detector 
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channels and electronics thus allowing true simultaneous PET-CT scanning with the 
possibility to count and discriminate individual X-ray photons in CT mode [ 132 –
 134 ]. This can be achieved by sampling the analog signal using high-speed analog-
to- digital converters (ADC) and digital processing in fi eld programmable gate 
arrays (FPGAs) [ 135 ,  136 ]. The parallel architecture and fast digital processing 
electronics allow high count rates for both PET and CT modes whereas the modu-
larity of the system design allows the extension of the number of channels up to 10 4  
or more. Another approach to simultaneous acquisition of PET and CT data is 
described by Nassalski et al. in which a detector consisting of LaBr 3  [ 137 ] or LSO 
[ 138 ] pixellated crystals are coupled to an avalanche photodiode (APD) array. 

 An important issue which is worth mentioning in this context is the radiation dose 
delivered to animals, which remains one of the critical issues in preclinical imaging 
and can be very high depending on the experiments and should be monitored care-
fully as it might change tumor characteristics, induce signifi cant biological effects 
thus changing the animal model being studied or even cause lethality [ 46 ,  48 ]. The 
same applies to other imaging modalities such as CT [ 39 ], particularly when per-
formed on multimodality imaging systems where the resulting absorbed dose is the 
sum of the individual contributions of each modality. While much worthwhile effort 
has been devoted towards the assessment of radiation dose delivered to human sub-
jects, few research studies addressed this issue for small animals [ 39 ,  46 ,  139 – 141 ].     

  Acknowledgments   This work was supported by the National Sciences and Engineering Research 
Council of Canada under Discovery Grant 341628 and the Swiss National Science Foundation 
under grant SNSF 31003A-125246.  

   References 

    1.    Beyer T, Townsend DW, Brun T, Kinahan PE, Charron M, Roddy R, et al. (2000) A combined 
PET/CT scanner for clinical oncology. J Nucl Med 41:1369–79.  

    2.    Shao YP, Cherry SR, Farahani K, Meadors K, Siegel S, Silverman RW, et al. (1997) 
Simultaneous PET and MR imaging. Phys Med Biol 42:1965–1970.  

   3.    Slates R, Cherry S, Boutefnouchet A, Shao YP, Dahlbom M, Farahani K (1999) Design of a 
small animal MR compatible PET scanner. IEEE Trans Nucl Sci 46:565–570.  

   4.    Raylman RR, Hammer BE, Christensen NL (1996) Combined MRI-PET scanner: a Monte 
Carlo evaluation of the improvements in PET resolution due to the effects of a static homo-
geneous magnetic fi eld. IEEE Trans Nucl Sci 43:2406–2412.  

    5.    Pichler B, Lorenz E, Mirzoyan R, Pimpl W, Roder F, Schwaiger M, et al. (1997) Performance 
test of a LSO-APD PET module in a 9.4 Tesla magnet. IEEE Nuclear Science Symposium 
Conference Record, vol. 2, pp. 1237–1239.  

    6.    Del Guerra A, Di Domenico G, Scandola M, Zavattini G (1998) YAP-PET: fi rst results of a 
small animal positron emission tomograph based on YAP:Ce fi nger crystals. IEEE Trans 
Nucl Sci 45:3105–3108.  

   7.    Jeavons AP, Chandler RA, Dettmar CAR (1999) 3D HIDAC-PET camera with sub- millimetre 
resolution for imaging small animals. IEEE Trans Nucl Sci 46:468–473.  

   8.    Lecomte R, Cadorette J, Rodrigue S, Lapointe D, Rouleau D, Bentourkia M, et al. (1996) 
Initial results from the Sherbrooke avalanche photodiode positron tomograph. IEEE Trans 
Nucl Sci 43:1952–1957.  

A.L. Goertzen and H. Zaidi



381

   9.    Pichler B, Boning G, Lorenz E, Mirzoyan R, Pimpl W, Schwaiger M, et al. (1998) Studies 
with a prototype high resolution PET scanner based on LSO-APD modules. IEEE Trans Nucl 
Sci 45:1298–1302.  

   10.    Cherry SR, Shao Y, Silverman RW, Meadors K, Siegel S, Chatziioannou A, et al. (1997) 
MicroPET: A high resolution PET scanner for imaging small animals. IEEE Trans Nucl Sci 
44:1161–1166.  

   11.    Bruyndonckx P, Liu XA, Tavernier S, Zhang SP (1997) Performance study of a 3D small 
animal PET scanner based on BaF2 crystals and a photo sensitive wire chamber. Nucl Instr 
Meth A 392:407–413.  

   12.    Siegel S, Vaquero JJ, Aloj L, Seidel J, Jagoda E, Gandler WR, et al. (1999) Initial results from 
a PET planar small animal imaging system. IEEE Trans Nucl Sci 46:571–575.  

   13.    Tavernier S, Bruyndonckx P, Shuping Z (1992) A Fully 3D Small PET scanner. Phys Med 
Biol 37:635–643.  

    14.    Seidel J, Vaquero JJ, Green MV (2003) Resolution uniformity and sensitivity of the NIH 
ATLAS small animal PET scanner: Comparison to simulated LSO scanners without depth-
of- interaction capability. IEEE Trans Nucl Sci 50:1347–1350.  

    15.    Tai YC, Chatziioannou A, Siegel S, Young J, Newport D, Goble RN, et al. (2001) Performance 
evaluation of the microPET P4: a PET system dedicated to animal imaging. Phys Med Biol 
46:1845–1862.  

   16.    Knoess C, Siegel S, Smith A, Newport D, Richerzhagen N, Winkeler A, et al. (2003) 
Performance evaluation of the microPET R4 PET scanner for rodents. Eur J Nuc Med Mol 
Imaging 30:737–747.  

   17.    Surti S, Karp JS, Perkins AE, Freifelder R, Muehllehner G (2003) Design evaluation of 
A-PET: A high sensitivity animal PET camera. IEEE Trans Nucl Sci 50:1357–1363.  

   18.    Wang Y, Seidel J, Tsui BMW, Vaquero JJ, Pomper MG (2006) Performance Evaluation of the 
GE Healthcare eXplore VISTA Dual-Ring Small-Animal PET Scanner. J Nucl Med 
47:1891–1900.  

   19.    Missimer J, Madi Z, Honer M, Keller C, Schubiger A, Ametamey SM (2004) Performance 
evaluation of the 16-module quad-HIDAC small animal PET camera. Phys Med Biol 
49:2069–81.  

     20.    Fontaine R, Belanger F, Viscogliosi N, Semmaoui H, Tetrault MA, Michaud JB, et al. (2009) 
The hardware and signal processing architecture of LabPET TM , a small animal APD-based 
digital PET scanner. IEEE Trans Nucl Sci 56:3–9.  

    21.    Paulus MJ, Sari-Sarraf H, Gleason SS, Bobrek M, Hicks JS, Johnson DK, et al. (1999) New 
x-ray computed tomography system for laboratory mouse imaging. IEEE Trans Nucl Sci 
46:558–564.  

    22.    Khodaverdi M, Pauly F, Weber S, Schroder G, Ziemons K, Sievering R, et al. (2001) 
Preliminary studies of a micro-CT for a combined small animal PET/CT scanner. IEEE 
Nuclear Science Symposium Conference Record, vol. 3, pp. 1605–1606.  

   23.    Goertzen AL, Nagarkar V, Street R, Paulus M, Bonne J, Cherry SR (2004) A comparison of 
x-ray detectors for mouse CT imaging. Phys Med Biol 49:5251–5265.  

   24.    Colijn AP, Zbijewski W, Sasov A, Beekman FJ (2004) Experimental validation of a rapid 
Monte Carlo based micro-CT simulator. Phys Med Biol 49:4321–4333.  

   25.    Corrigan NM, Chavez AE, Wisner ER, Boone JM (1999) A multiple detector array helical 
x-ray microtomography system for specimen imaging. Med Phys 26:1708–13.  

   26.    Reimann DA, Hames SM, Flynn MJ, Fyhrie DP (1997) A cone beam computed tomography 
system for true 3D imaging of specimens. Appl Radiat Isot 48:1433–6.  

    27.    Ruegsegger P, Koller B, Muller R (1996) A microtomographic system for the nondestructive 
evaluation of bone architecture. Calcif Tissue Int 58:24–9.  

      28.    Paulus MJ, Gleason SS, Kennel SJ, Hunsicker PR, Johnson DK (2000) High resolution X-ray 
computed tomography: an emerging tool for small animal cancer research. Neoplasia 2:62–70.  

   29.   Sasov A (2002) In-vivo micro-CT for small animals imaging. Proceedings IEEE International 
Symposium on Biomedical Imaging, pp. 377–380.  

13 Dual-Modality Preclinical PET/CT Instrumentation



382

    30.    Marxen M, Thornton MM, Chiarot CB, Klement G, Koprivnikar J, Sled JG, et al. (2004) 
MicroCT scanner performance and considerations for vascular specimen imaging. Med Phys 
31:305–13.  

      31.    Goertzen AL, Meadors AK, Silverman RW, Cherry SR (2002) Simultaneous molecular and 
anatomical imaging of the mouse  in vivo . Phys Med Biol 47:4315–4328.  

     32.    Liang H, Yang Y, Yang K, Wu Y, Boone JM, Cherry SR (2007) A microPET/CT system for 
invivo small animal imaging. Phys Med Biol 52:3881–3894.  

    33.    Jan ML, Ni YC, Chen KW, Liang HC, Chuang KS, Fu YK (2006) A combined micro-PET/
CT scanner for small animal imaging. Nucl Instr Meth A 569:314–318.  

     34.   Seidel J, Vaquero JJ, Pascau J, Desco M (2002) Features of the NIH atlas small animal PET 
scanner and its use with a coaxial small animal volume CT scanner. Proceedings IEEE 
International Symposium on Biomedical Imaging, pp. 545–548.  

      35.    Suckow C, Kuntner C, Chow P, Silverman R, Chatziioannou A, Stout D (2009) Multimodality 
rodent imaging chambers for use under barrier conditions with gas anesthesia. Mol Imaging 
Biol 11:100–116.  

      36.    Chow PL, Stout DB, Komisopoulou E, Chatziioannou AF (2006) A method of image regis-
tration for small animal, multi-modality imaging. Phys Med Biol 51:379–390.  

    37.    Ford NL, Thornton MM, Holdsworth DW (2003) Fundamental image quality limits for 
microcomputed tomography in small animals. Med Phys 30:2869–77.  

     38.    Chow PL, Goertzen AL, Berger F, DeMarco JJ, Chatziioannou AF (2001) Monte Carlo 
model for estimation of dose delivered to small animals during 3D high resolution x-ray 
computed tomography. IEEE Nuclear Science Symposium Conference Record, vol. 3, pp. 
1678–1681.  

     39.    Taschereau R, Chow PL, Chatziioannou AF (2006) Monte Carlo simulations of dose from 
microCT imaging procedures in a realistic mouse phantom. Med Phys 33:216–24.  

    40.    Boone JM, Velazquez O, Cherry SR (2004) Small-animal X-ray dose from micro-CT. Mol 
Imaging 3:149–58.  

    41.    Carlson SK, Classic KL, Hadac EM, Bender CE, Kemp BJ, Lowe VJ, et al. (2006)  In vivo  
quantitation of intratumoral radioisotope uptake using micro-single photon emission com-
puted tomography/computed tomography. Mol Imaging Biol 8:324–32.  

   42.   Goertzen AL (2003) Development of a combined microPET and microCT system for mouse 
imaging [Thesis (Ph.D.)]. University of California, Los Angeles; 2003.  

   43.    Figueroa SD, Winkelmann CT, Miller HW, Volkert WA, Hoffman TJ (2008) TLD assessment 
of mouse dosimetry during microCT imaging. Med Phys 35:3866–74.  

    44.    Obenaus A, Smith A (2004) Radiation dose in rodent tissues during micro-CT imaging. 
J Xray Sci Technol 12:241–249.  

    45.   Liang H, Cherry SR. Monte Carlo Simulation of Combined MicroPET/CT Dose Delivered to 
Mice. IEEE Nuclear Science Symposium and Medical Imaging Conference. Rome, Italy, 
2004.  

     46.    Funk T, Sun M, Hasegawa BH (2004) Radiation dose estimate in small animal SPECT and 
PET. Med Phys 31:2680–6.  

   47.    Goertzen AL, Janicki C, Rosa-Neto P (2005) Dosimetry of PET tracers in mice using 
microPET scans as an input function. IEEE Nuclear Science Symposium Conference Record, 
vol. 3, pp. 1628–1632.  

     48.    Taschereau R, Chatziioannou AF (2007) Monte Carlo simulations of absorbed dose in a 
mouse phantom from 18-fl uorine compounds. Med Phys 34:1026–36.  

     49.    Bahadur AN, Wu IQ, Weinstein DM, Davis MD, Lewis DA, Kochunov P, et al. (2007) 
Multimodality Chamber for coregistered anatomical and molecular imaging of small ani-
mals. Lab Anim (NY) 36:29–35.  

    50.    Stout DB, Chatziioannou AF, Lawson TP, Silverman RW, Gambhir SS, Phelps ME (2005) 
Small animal imaging center design: the facility at the UCLA Crump Institute for Molecular 
Imaging. Mol Imaging Biol 7:393–402.  

    51.   Bioscan, Inc. Minerve Small-Animal Environment. Available at   http://www.bioscan.com/
molecular-imaging/minerve      

A.L. Goertzen and H. Zaidi



383

    52.   M2M Imaging. Split top mouse chamber for Preclinical Imaging Systems. Available at   http://
www.m2mimaging.com/products/accessories/animalhandling/multimodal_mouse_siemens.html      

    53.    Christian N, Lee JA, Bol A, De Bast M, Gallez B, Gregoire V (2008) Immobilization device 
for  in vivo  and in vitro multimodality image registration of rodent tumors. Radiother Oncol 
87:147–151.  

       54.    Chow PL, Rannou FR, Chatziioannou AF (2005) Attenuation correction for small animal 
PET tomographs. Phys Med Biol 50:1837–1850.  

    55.    Zaidi H, Hasegawa B (2003) Determination of the Attenuation Map in Emission Tomography. 
J Nucl Med 44:291–315.  

    56.    Stout DB, Zaidi H (2008) Preclinical multimodality imaging  in vivo . PET Clin 3:251–273.  
      57.   Siemens Medical Solutions USA Inc. Inveon Product Brochure. Available at   https://www.

medical.siemens.com/siemens/en_INT/gg_nm_FBAs/fi les/broch/br_09_inveon.pdf      
    58.    Townsend DW (2008) Multimodality imaging of structure and function. Phys Med Biol 

53:R1–R39.  
    59.   Gamma Medica-Ideas. FLEX Triumph. Available at   http://www.gm-ideas.com/index.

php?option=com_content&task=view&id=5&Itemid=2      
    60.   Xie S, Ramirez R, Liu Y, Xing TXA-T, Uribe JA-U, J., Li HLA-H, et al. (2005) A pentagon 

photomultiplier-quadrant-sharing BGO detector for a rodent research PET (RRPET). IEEE 
Trans Nucl Sci 52:210–216.  

     61.    Bergeron M, Cadorette J, Beaudoin JF, Lepage MD, Robert G, Selivanov V, et al. (2009) 
Performance Evaluation of the LabPET APD-Based Digital PET Scanner. IEEE Trans Nuc 
Sci 56:10–16.  

    62.    Gleason SS, Austin DW, Beach RS, Nutt R, Paulus MJ, Shikui Y (2006) A new highly versa-
tile multimodality small animal imaging platform. IEEE Nuclear Science Symposium 
Conference Record, vol. 4, pp. 2447–2449.  

    63.    Ziemons K, E. Auffray, Barbier R, Brandenburg G, Bruyndonckx P, Choi Y, et al. (2005) The 
ClearPET TM  project: development of a 2nd generation high-performance small animal PET 
scanner. Nucl Instr Meth A 537:307–311.  

     64.    Khodaverdi M, Nicol S, Loess J, Brunner FC, Karkar S, Morel C (2007) Design study for the 
ClearPET/XPAD small animal PET/CT scanner. IEEE Nuclear Science Symposium 
Conference Record, vol. 6, pp. 4300–4302.  

    65.    Lage E, Vaquero JJ, Sisniega A, Espana S, Tapias G, Abella M, et al. (2009) Design and 
performance evaluation of a coplanar multimodality scanner for rodent imaging. Phys Med 
Biol 54:5427–5441.  

    66.   National Electrical Manufacturers Association (2008) NEMA Standards Publication NU 4 – 
2008. Performance Measurements of Small Animal Positron Emission Tomographs. National 
Electrical Manufacturers Association, Rosslyn, VA.  

    67.    Tatsumi M, Nakamoto Y, Traughber B, Marshall LT, Geschwind JF, Wahl RL (2003) Initial 
experience in small animal tumor imaging with a clinical positron emission tomography/com-
puted tomography scanner using 2-[F-18]fl uoro-2-deoxy-D-glucose. Cancer Res 63:6252–7.  

    68.    Seemann MD, Beck R, Ziegler S (2006)  In vivo  tumor imaging in mice using a state-of-the- 
art clinical PET/CT in comparison with a small animal PET and a small animal CT. Technol 
Cancer Res Treat 5:537–542.  

    69.    Ziemer LS, Evans SM, Kachur AV, Shuman AL, Cardi CA, Jenkins WT, et al. (2003) 
Noninvasive imaging of tumor hypoxia in rats using the 2-nitroimidazole 18F-EF5. Eur J 
Nucl Med Mol Imaging 30:259–266.  

    70.    Seemann MD (2004) Human PET/CT scanners: feasibility for oncological  in vivo  imaging in 
mice. Eur J Med Res 9:468–72.  

    71.    Salem N, MacLennan G, Kuang Y, Anderson P, Schomisch S, Tochkov I, et al. (2007) 
Quantitative evaluation of 2-Deoxy-2[F-18]fl uoro-d -glucose-Positron Emission Tomography 
imaging on the woodchuck model of hepatocellular carcinoma with histological correlation. 
Mol Imaging Biol 9:135–143.  

    72.    Wienhard K, Schmand M, Casey ME, Baker K, Bao J, Eriksson L, et al. (2002) The ECAT 
HRRT: performance and fi rst clinical application of the new high resolution research tomograph. 
IEEE Trans Nuc Sci 49:104–110.  

13 Dual-Modality Preclinical PET/CT Instrumentation



384

    73.    Zaidi H, Montandon M-L (2006) The new challenges of brain PET imaging technology. Curr 
Med Imag Rev 2:3–13.  

    74.   Wu Y, Bowen SL, Yang K, Packard N, Fu L, Jr GB, et al. (2009) PET characteristics of a 
dedicated breast PET/CT scanner prototype. Phys Med Biol 54:4273–4287.  

    75.    Bowen SL, Wu Y, Chaudhari AJ, Fu L, Packard NJ, Burkett GW, et al. (2009) Initial 
Characterization of a Dedicated Breast PET/CT Scanner During Human Imaging. J Nucl 
Med 50:1401–1408.  

    76.    Li H, Wong W-H, Baghaei H, Uribe J, Wang Y, Zhang Y, et al. (2007) The engineering and 
initial results of a transformable low-cost high-resolution PET camera. IEEE Trans Nucl Sci 
54:1583–1588.  

    77.    Gonzalez Trotter DE, Manjeshwar RM, Doss M, Shaller C, Robinson MK, Tandon R, et al. 
(2004) Quantitation of small-animal (124)I activity distributions using a clinical PET/CT 
scanner. J Nucl Med 45:1237–1244.  

    78.    Cherry SR (2006) The 2006 Henry N. Wagner lecture: of mice and men (and positrons)-
Advances in PET Imaging Technology. J Nucl Med 47:1735–1745.  

   79.    Beekman F, Hutton B (2007) Multi-modality imaging on track. Eur J Nuc Med Mol Imaging 
34:1410–1414.  

    80.    Weissleder R, Pittet MJ (2008) Imaging in the era of molecular oncology. Nature 
452:580–589.  

    81.    Maintz JB, Viergever MA (1998) A survey of medical image registration. Med Image Anal 
2:1–36.  

    82.    Pluim JP, Maintz JB, Viergever MA (2003) Mutual-information-based registration of medical 
images: a survey. IEEE Trans Med Imaging 22:986–1004.  

    83.    Zanzonico PB, Nehmeh SA (2006) Introduction to clinical and laboratory (small-animal) 
image registration and fusion. Conf Proc IEEE Eng Med Biol Soc 1:1580–1583.  

    84.    Laforest R, Liu X (2009) Cascade removal and microPET imaging with 76Br. Phys Med Biol 
54:1503–1531.  

     85.    Fahey FH, Gage HD, Buchheimer N, Smith HC, Harkness BA, Williams RC, et al. (2004) 
Evaluation of the quantitative capability of a high-resolution positron emission tomography 
scanner for small animal imaging. J Comput Assist Tomogr 28:842–848.  

   86.    Toyama H, Ichise M, Liow JS, Modell KJ, Vines DC, Esaki T, et al. (2004) Absolute quanti-
fi cation of regional cerebral glucose utilization in mice by 18F-FDG small animal PET scan-
ning and 2-14C-DG autoradiography. J Nucl Med 45:1398–1405.  

   87.   Kesner AL, Dahlbom M, Huang SC, Hsueh WA, B SP, Czernin J, et al. (2006) Semiautomated 
analysis of small-animal PET data. J Nucl Med 47:1181–1186.  

   88.    Aide N, Louis MH, Dutoit S, Labiche A, Lemoisson E, Briand M, et al. (2007) Improvement 
of semi-quantitative small-animal PET data with recovery coeffi cients: A phantom and rat 
study. Nucl Med Commun 28:813–822.  

   89.    Vaska P, Rubins DJ, Alexoff DL, Schiffer WK (2006) Quantitative imaging with the micro- 
PET small-animal PET tomograph. Int Rev Neurobiol 73:191–218.  

     90.    Torres-Espallardo I, Spanoudaki VC, Rafecas M, Ziegler SI (2007) Quantifi cation issues in 
imaging data of MADPET-II small animal scanner using a system matrix based on Monte Carlo 
techniques. IEEE Nuclear Science Symposium Conference Record, vol. 6, pp. 4192–4197.  

   91.    Foudray AMK, Chinn C, Levin CS (2005) Component based normalization for PET systems 
with depth of interaction measurement capability. IEEE Nuclear Science Symposium 
Conference Record, vol. 4, pp. 2108–2111.  

    92.    Rodriguez M, Barker WC, Liow JS, Thada S, Chelikani S, Mulnix T, et al. (2006) Count rate 
dependent component-based normalization for the HRRT [abstract]. J Nucl Med 47:197P.  

     93.    Yao R, Seidel J, Liow J-S, Green MV (2005) Attenuation correction for the NIH ATLAS 
small animal PET scanner. IEEE Trans Nucl Sci 52:664–668.  

   94.    Yu J, Seidel J, Pomper M, Tsui BMW (2007) Experimental evaluation of the bilinear trans-
formation used in the CT-based attenuation correction for small animal PET imaging. IEEE 
Nuclear Science Symposium Conference Record, vol. 5, pp. 3747–3750.  

     95.    Zaidi H, Montandon M-L, Alavi A (2007) Advances in attenuation correction techniques in 
PET. PET Clinics 2:191–217.  

A.L. Goertzen and H. Zaidi



385

    96.    Lubberink M, Kosugi T, Schneider H, Ohba H, Bergstrom M (2004) Non-stationary convolu-
tion subtraction scatter correction with a dual-exponential scatter kernel for the Hamamatsu 
SHR-7700 animal PET scanner. Phys Med Biol 49:833–842.  

   97.    Yang Y, Cherry SR (2006) Observations regarding scatter fraction and NEC measurements 
for small animal PET. IEEE Trans Nucl Sci 53:127–132.  

   98.    Laforest R, Longford D, Siegel S, Newport DF, Yap J (2007) Performance evaluation of the 
microPET®—FOCUS-F120. IEEE Trans Nucl Sci 54:42–49.  

   99.    Zaidi H, Montandon M-L (2007) Scatter compensation techniques in PET. PET Clinics 
2:219–234.  

   100.   Ferrero A, Poon JK, Badawi RD. Characterization of the scatter fraction arising from differ-
ent sized objects - a simulation study. IEEE Nuclear Science Symposium and Medical 
Imaging Conference. Orlando, FL, USA, 2009.  

    101.    Bentourkia M, Sarrhini O (2009) Simultaneous attenuation and scatter corrections in small 
animal PET imaging. Comput Med Imaging Graph 33:477–488.  

    102.    Rousset O, Rahmim A, Alavi A, Zaidi H (2007) Partial volume correction strategies in PET. 
PET Clinics 2:235–249.  

    103.    Soret M, Bacharach SL, Buvat I (2007) Partial-volume effect in PET tumor imaging. J Nucl 
Med 48:932–945.  

    104.    Rahmim A, Rousset O, Zaidi H (2007) Strategies for motion tracking and correction in PET. 
PET Clinics 2:251–266.  

   105.    Zhou VW, Kyme AZ, Meikle SR, Fulton R (2008) An event-driven motion correction method 
for neurological PET studies of awake laboratory animals. Mol Imaging Biol 10:315–324.  

    106.    Kyme AZ, Zhou VW, Meikle SR, Fulton RR (2008) Real-time 3D motion tracking for small 
animal brain PET. Phys Med Biol 53:2651–2666.  

    107.    Qi J, Leahy RM (2006) Iterative reconstruction techniques in emission computed tomogra-
phy. Phys Med Biol 51:R541-R578.  

    108.    Reader AJ, Zaidi H (2007) Advances in PET image reconstruction. PET Clinics 2:173–190.  
    109.    Comtat C, Kinahan PE, Fessler JA, Beyer T, Townsend DW, Defrise M, et al. (2002) Clinically 

feasible reconstruction of 3D whole-body PET/CT data using blurred anatomical labels. Phys 
Med Biol 47:1–20.  

    110.    Baete K, Nuyts J, Van Paesschen W, Suetens P, Dupont P (2004) Anatomical-based FDG- 
PET reconstruction for the detection of hypo-metabolic regions in epilepsy. IEEE Trans Med 
Imaging 23:510–519.  

    111.    Dupont P, Warwick J (2009) Kinetic modeling in small animal imaging with PET. Methods 
48:98–103.  

    112.   Convert L, Morin-Brassard G, Cadorette J, Archambault M, Bentourkia Mh, Lecomte R 
(2007) A new tool for molecular imaging: The microvolumetric {beta} blood counter. J Nucl 
Med 48:1197–1206.  

    113.    Wu H-M, Yu AS, Lin H-D, Ladno W, Huang S-C, Phelps ME (2007) The feasibility of per-
forming longitudinal measurements in mice using small animal PET imaging and a microfl u-
idic blood sampling device. IEEE Nuclear Science Symposium Conference Record, vol. 6, 
pp. 4174–4175.  

    114.   Huang SC, Hoffman EJ, Phelps ME, Kuhl DE (1979) Quantitation in positron emission com-
puted tomography: 2. Effects of inaccurate attenuation correction. J Comput Assist Tomogr 
3:804–14.  

     115.    Prasad R, Ay M, Ratib O, Zaidi H (2009) CT-based attenuation correction on the FLEX 
Triumph™ preclinical PET/CT scanner. IEEE Trans Nucl Sci. 58:66–75.  

    116.    Kinahan PE, Hasegawa BH, Beyer T (2003) X-ray-based attenuation correction for positron 
emission tomography/computed tomography scanners. Semin Nucl Med 33:166–179.  

    117.    Ay M, Zaidi H (2006) Assessment of errors caused by x-ray scatter and use of contrast 
medium when using CT-based attenuation correction in PET. Eur J Nucl Med Mol Imaging 
33:1301–1313.  

    118.    Hichwa R (1994) Are Animal Scanners Really Necessary for PET? J Nucl Med 
35:1396–1397.  

13 Dual-Modality Preclinical PET/CT Instrumentation



386

    119.    Tornai MP, Jaszczak RJ, Turkington TG, Coleman RE (1999) Small-animal PET: advent of a 
new era of PET research. J Nucl Med 40:1176–1179.  

   120.    Nanni C, Rubello D, Fanti S (2007) Role of small animal PET for molecular imaging in pre- 
clinical studies. Eur J Nuc Med Mol Imaging 34:1819–1822.  

   121.    Tai YC, Laforest R (2005) Instrumentation aspects of animal pet. Annu Rev Biomed Eng 
7:255–285.  

    122.    Levin CS, Zaidi H (2007) Current trends in preclinical PET system design. PET Clinics 
2:125–160.  

    123.    Nanni C, Rubello D, Khan S, Al-Nahhas A, Fanti S (2007) Role of small animal PET in 
stimulating the development of new radiopharmaceuticals in oncology. Nucl Med Commun 
28:427–429.  

    124.    Wester H-J (2007) Nuclear imaging probes: from bench to bedside. Clin Cancer Res 
13:3470–3481.  

    125.    Aboagye EO (2005) Positron emission tomography imaging of small animals in anticancer 
drug development. Mol Imaging Biol 7:53–8.  

   126.    Richter W (2006) Imaging biomarkers as surrogate endpoints for drug development. Eur J 
Nuc Med Mol Imaging 33:6–10.  

   127.    Pien HH, Fischman AJ, Thrall JH, Sorensen AG (2005) Using imaging biomarkers to accel-
erate drug development and clinical trials. Drug Discovery Today 10:259–266.  

    128.    Lucignani G (2007) Imaging biomarkers: from research to patient care — a shift in view. Eur 
J Nuc Med Mol Imaging 34:1693–1697.  

    129.    Stephen R, Gillies R (2007) Promise and progress for functional and molecular imaging of 
response to targeted therapies. Pharmaceutical Research 24:1172–1185.  

    130.    Czernin J, Weber WA, Herschman HR (2006) Molecular imaging in the development of 
cancer therapeutics. Annu Rev Med 57:99–118.  

    131.    Cherry SR, Gambhir SS (2001) Use of positron emission tomography in animal research. 
ILAR J 42:219–32.  

    132.    Fontaine R, Belanger F, Cadorette J, Leroux JD, Martin JP, Michaud JB, et al. (2005) 
Architecture of a dual-modality, high-resolution, fully digital positron emission tomography/
computed tomography (PET/CT) scanner for small animal imaging. IEEE Trans Nucl Sci 
52:691–696.  

   133.    Berard P, Riendeau J, Pepin CM, Rouleau D, Cadorette J, Fontaine R, et al. (2007) 
Investigation of the LabPET (TM) detector and electronics for photon-counting CT imaging. 
Nucl Instr Meth A 571:114–117.  

    134.    Saoudi A, Lecomte R (1999) A novel APD-based detector module for multi-modality PET/
SPECT/CT scanners. IEEE Trans Nuc Sci 46:479–484.  

    135.    Fontaine R, Michaud JB, Leroux JD, Viscogliosi N, Riendeau J, Semmaoui H, et al. (2007) 
Roadmap to fully-digital PET/CT scanners. IEEE Nuclear Science Symposium Conference 
Record, vol. 5, pp. 3332–3336.  

    136.    Riendeau J, Berard P, Viscogliosi N, Tetrault MA, Lemieux F, Lecomte R, et al. (2008) High rate 
photon counting CT using parallel digital PET electronics. IEEE Trans Nucl Sci 55:40–47.  

    137.    Nassalski A, Moszynski M, Szczesniak T, Wolski D, Batsch T (2007) The road to the com-
mon PET/CT detector. IEEE Trans Nucl Sci 54:1459–1463.  

    138.    Nassalski A, Moszynski M, Syntfeld-Kzuch A, Swiderski L, Szczesniak T, Wolski D, et al. 
(2008) Application of Hamamatsu S8550 APD array to the common PET/CT detector. IEEE 
Trans Nucl Sci 55:2460–2464.  

    139.    Stabin MG, Peterson TE, Holburn GE, Emmons MA (2006) Voxel-based mouse and rat mod-
els for internal dose calculations. J Nucl Med 47:655–659.  

   140.    Hindorf C, Ljungberg M, Strand SE (2004) Evaluation of parameters infl uencing S values in 
mouse dosimetry. J Nucl Med 45:1960–1965.  

    141.    Carlson SK, Classic KL, Bender CE, Russell SJ (2007) Small animal absorbed radiation dose 
from serial micro-computed tomography imaging. Mol Imaging Biol 9:78–82.    

A.L. Goertzen and H. Zaidi



387H. Zaidi (ed.), Molecular Imaging of Small Animals: Instrumentation and Applications,
DOI 10.1007/978-1-4939-0894-3_14, © Springer Science+Business Media New York 2014

1  Introduction

Single photon emission tomography (SPET or SPECT) and magnetic resonance 
imaging (MRI) are in use routinely in hospitals worldwide. Each of these modalities 
is steadily growing in study volume and makes a major contribution to healthcare, 
with approximately 40 million SPECT and 60 million MRI patient exams com-
pleted every year. Also in the preclinical research field both SPECT and MRI are 
found to play important roles, with an installed base of about 200 microSPECT and 
400 small animal MRI systems in use as of the beginning of 2009. The high mag-
netic field strengths of modern MRI machines, both clinical and preclinical, pre-
clude the use of conventional photomultiplier-tube based SPECT equipment in the 
vicinity of the magnet. If a patient or a laboratory animal is to be imaged by both 
modalities, the two studies must be done in separate imaging sessions—always in 
different rooms and often in different departments and sometimes even in different 
buildings within a medical facility. Combined SPECT/MRI imaging is important 
since non-invasive probing of intact, living biological organisms—human or labora-
tory animal—bridges the gap between exponentially growing understanding of 
molecular and genetic mechanisms and the phenotypical embodiments of diseases 
and their response to treatments.

The main goal of this chapter is to review the progress that has been made in 
dual-modality SPECT/MRI in preclinical imaging using an integrated hardware 
design. The main innovation of SPECT/MRI lies in the engineering of the two 
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major imaging modalities such that data can be acquired simultaneously during the 
same imaging session. The related topics of PET/CT and PET/MRI are reviewed in 
Chaps. 13 and 15, respectively.

2  SPECT/MRI Applications

2.1  Clinical Applications

The success of whole-body PET/CT for oncology, beginning around the year 2000 
and continuing to grow after nearly a decade, clearly demonstrates the clinical effi-
cacy of molecular imaging by cost-efficient patient management and therapy fol-
low- up. The example of whole-body PET/CT leads researchers to pursue other 
combinations of modalities which will lead to additional changes in patient man-
agement that result in demonstrated improved outcomes. Supporters of these efforts 
claim that refinement of patient management decisions can result in reduced health-
care costs—mostly through the avoidance of ineffective yet expensive therapies.

The applications for a combined SPECT/MRI instrument can be deduced from 
an examination of the trajectories of the growth of each modality into new fields. 
For example, dynamic, contrast-enhanced (DCE) breast imaging is rapidly growing 
in the field of MRI, with more than 800,000 studies expected to be performed in the 
United States in 2009, and a growth rate of about 20 % per year. At the same time, 
Molecular Breast Imaging [1], or MBI, 1  using 99mTc-sestamibi is demonstrating 
efficacy in detecting small (<1 cm) breast lesions especially in women with radio-
graphically dense breasts. Since SPECT (in the form of MBI) and MRI are probing
different and perhaps complementary biological processes, it suggests itself to con-
sider the benefits of acquiring both image sets simultaneously, thereby removing 
several experimental variables from the imaging session.

Although whole-body FDG-PET/CT has proven to be valuable for most onco-
logic applications, it is not useful in prostate cancer imaging due to poor FDG 
uptake in this relatively non-aggressive cancer. As with the preceding paragraph on 
breast imaging in women, a potential SPECT/MRI clinical application for men 
could be prostate imaging with SPECT agents such as 111In-labeled Prostascint [2], 
111In-labeled antibody J591 [ 3] or 99mTc-labeled PMSA inhibitors [ 4]. The high- 
sensitivity of antibody or receptor-targeted SPECT can complement the soft tissue, 
functional, and chemical information provided by MRI or MRSI [5]. For breast and 
prostate cancer imaging applications, it may be beneficial to use SPECT/MRI to 
image, and non-invasively evaluate axillary and inguinal lymph nodes, respectively, 
for staging and treatment planning.

1Also known as Breast-Specific Gamma Imaging (BSGI)
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MRI has high study volumes in the imaging of connective tissues. This is because 
MRI has the unique ability to image soft tissues whereas X-ray computer tomogra-
phy (CT) currently is limited in its ability to differentiate between soft tissues based 
on differences in the attenuation of a spectrum of incoherent X-rays.

The addition of SPECT for the imaging of inflammation, repair processes (growth 
factors, angiogenesis), apoptosis, or other biological processes associated with mus-
culo-skeletal injury or abnormality is a logical addition of complementary informa-
tion. Another important, though not popularized, application for both SPECT and 
MRI is the imaging of hyperfunctioning parathyroid [ 6]. The small size and dis-
persed anatomic location of the parathyroid calls for the high resolution, soft tissue 
contrast of MRI. Hyperfunctioning parathyroid has been shown to avidly uptake 
99mTc-sestamibi in SPECT [ 7]. Evidence of the utility of functional-plus- anatomic 
imaging of primary hyperparathyroidism is reported for combined SPECT/CT [8].

2.2  Preclinical Applications

As outlined in the preceding section, clinical applications can be extrapolated from 
the known trajectories of clinical imaging research in the separate modalities. In the 
area of preclinical research, the number of potential applications grows dramatically 
because there are many applications in each research modality that are not currently 
being performed clinically. This distinction is important: preclinical imaging is the 
subject of this chapter because the pool from which potential dual-modality applica-
tions can be extracted is far larger and more varied—and hence statistically more 
likely to find a successful application that can be translated into the clinic.

There are now two main sub-categories in the preclinical area: (1) disease-based 
imaging; and (2) therapy response imaging. A third, emerging sub-category has 
grown in the past ten years and will likely overtake the other two categories within 
the next decade: namely, molecular imaging methods. We will introduce each of 
these sub-categories in the following paragraphs.

2.2.1  Disease-Based Imaging Research

• Neurology: There are two sub-categories of research in neurological imaging—
neuro-degenerative diseases and receptor imaging. Neuro-degenerative research 
involves Alzheimer’s disease imaging of plaques and tangles, Parkinson’s disease 
imaging of receptor uptake rates, and diffusion-tensor imaging in Huntington’s dis-
ease. Changes in brain blood flow due to activation are seen in the MRI technique 
known as “blood oxygen, level dependent” (BOLD). Although BOLD exhibits low
spatial resolution, it can be combined with perfusion imaging using 99mTc-HMPAO,
a common brain perfusion SPECT agent. Nuclear imaging of receptor sites has high 
molar sensitivity, and applications such as dopamine, serotonin, norephenephrine, 
muscarinic, nicotinic, and benzodiazepine receptors have been reported extensively 
in the SPECT literature during the past two decades. The combination of receptor 
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SPECT and activation or diffusion MRI is a good example of the complementary 
nature of these modalities in neurology research. The dynamic nature of uptake in 
the receptors and perfusion in the brain tissues makes simultaneous acquisition of 
the two modalities imperative. Localized MRI spectroscopy (MRS) of cerebral
metabolites can achieve spatial resolution on the order of 1.5 mm, providing another 
path for dual-modality neurology investigations.

• Cardiology: As with the receptors/perfusion combination in neurology, cardiol-
ogy has a similar combination of vulnerable plaques and left ventricular perfu-
sion. Vulnerable plaque imaging research has matured in both MRI and SPECT 
over the past 10 years. MRI is uniquely capable of differentiating fatty from 
fibrous plaques. SPECT agents have been used to image matrix metalloprote-
ases, apoptosis, angiogenesis, cytokine and chemokine signaling in vulnerable 
plaques. The anatomy of the heart can be imaged in real time by MRI, and this 
high-resolution data set can be used to provide gated and resolution-corrected 
SPECT images. Global tissue perfusion, innervations, oxygenation, and fatty 
acid metabolism can be imaged with SPECT agents. MRI might also be used to 
image tissue perfusion, coronary vessel blockage, and hypokinesis.

• Oncology: SPECT can be used in many oncologic processes: receptor-targeted 
antibodies, angiogenesis, hypoxia, signaling (cytokines, chemokines), growth 
factors, invasion (matrix breakdown), lymph node metastasis and global metas-
tasis. Preclinical MRI, with resolution better than 0.1 mm per voxel, provides 
anatomical context for the specific oncologic process probed by the SPECT 
agents listed above. The high resolution of MRI can distinguish between encap-
sulated and invasive cancers. More sophisticated MRI techniques can image 
oxygenation and perfusion, and MRI spectroscopy can be used to image endog-
enous molecular densities associated with early stage cancer development, albeit 
with diminished spatial resolution.

• Musculo-skeletal: Research into the processes of injury and repair of the 
musculo- skeletal system is of importance to trauma physicians dealing with 
automobile, athletic, or combat injuries. Cartilage, ligament, tendon, and muscu-
lar imaging with MRI have experienced growth in the past 20 years. Imaging of 
bone disease and micro- and stress fractures is a strength of SPECT using phos-
phonated bone agents. Since MRI does not image bone well, a bone agent such 
as 99mTc-methylene diphosphonate (MDP) can augment MRI in musculo- skeletal 
imaging. SPECT can also be used to image repair mechanisms such as inflam-
mation, signaling, growth factors, angiogensis, and metabolism. The combina-
tion of SPECT and MRI in musculo-skeletal disease and injury gives the 
researcher a clear view of the biological functions of natural response and repair 
mechanisms of all the tissues involved—soft tissues as well as bone.

2.2.2  Therapy Response Imaging

Many of the preclinical imaging laboratories in operation today are dedicated to 
drug development. The use of imaging techniques has been a great advance in drug 
development research through the use of a vastly reduced population of animals to 
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perform the standard ADME-Tox2 experiments that are required when a drug has 
succeeded beyond the in vitro stage of development. Each of these steps is required 
to be well documented and understood in an intact, living laboratory specimen prior 
to clinical trials with human beings. The pharmacokinetics of each drug can be stud-
ied with preclinical imaging. Pharmacokinetics is the documentation of “the action 
of the body on the drug”. Likewise, the pharmacodynamics—or “the action of the
drug on the body” can also be measured with preclinical imaging. It can be seen that 
the field of drug development, in which large R&D investments are made, has been 
streamlined by the introduction of and growing use of preclinical imaging tech-
niques. SPECT and MRI, operated simultaneously in the drug development setting, 
will allow the delivery of the drug, its distribution and uptake, washout, and ulti-
mately its action on the system to be imaged over the course of the original injection 
and following up over several weeks if necessary. In particular, in longitudinal drug 
studies the effects of oncologic agents on the size and aggressiveness of tumors can 
be measured with MRI and SPECT, respectively. In longitudinal studies, sequential 
acquisitions will suffice, since the extended time periods between imaging sessions 
obviate simultaneous imaging with the two modalities. For neurological or psychi-
atric agents, the dynamics of receptor uptake using SPECT or changes in activation 
or diffusion in MRI can indicate a positive response to a new psychiatric agent.

2.2.3  Molecular Imaging Methods

Research in the fields of stem cell therapies, nanoparticles, and genetic engineering 
is increasing rapidly in the preclinical realm. Each of these therapies has in common 
the fact that they are highly potent yet clinically silent and relatively slow-acting. 
Traditionally, stem cell therapy calls for animal studies with high statistics in which 
many end-points are analyzed to establish the behavior (or misbehavior through 
oncogenesis) of therapeutic stem cells. Molecular Imaging—through non-invasive 
imaging of labeled cells—can allow significantly fewer animals to be used while 
providing refined experimental conclusions. Reporter genes, for example the 
sodium-iodide symporter, can be engineered into cells of interest and used after 
many cell divisions to monitor the behavior of stem cells (or genetically altered 
cells) throughout their life cycles. Reporter techniques can also monitor the differ-
entiation and behavior of the progeny of stem cells through successive cell divi-
sions. The term “nanoparticles” represents a fast-growing family of human-designed 
biological entities on the 10-1000 nm scale, i.e., from large molecules to small cells 
in size. These designer cells are envisioned to be capable of carrying genetic infor-
mation, imaging contrast agents for both SPECT, MRI, or other imaging modalities 
and instructions on which actions to carry out—from targeting cells to penetrating 
them and delivering their therapeutic payload—and providing imaging signals that 
tell the physician of their location and the success of their actions. In this sense, 

2 ADME-Tox stands for Absorption, Distribution, Metabolism, Elimination, and Toxicity.

14 Dual-Modality Preclinical SPECT/MRI Instrumentation



392

nanoparticles represent the convergence of stem cell and genetic engineering 
research in which specific instructions for repair and cure can be carried and moni-
tored through molecular imaging techniques such as reporter gene imaging. The 
SPECT modality has been imaging nanoparticles, in the form of simple radiola-
beled nanocolloids, for more than 30 years.

3  Nuclear Imaging: SPECT and PET

The authors reviewed the combination of MRI with the nuclear modalities of 
SPECT and PET [ 9]. SPECT nuclides in general are larger (i.e., heavier elements 
such as iodine, technetium, and thallium) compared with positron emitting nuclides 
which generally are smaller atoms found in living organisms (e.g., 11C, 13N, 15O, and
18F). Also, SPECT nuclides tend to have established production and distribution 
channels and hence are less costly, generally, than PET nuclides. PET nuclides tend 
to have shorter half-lives than SPECT nuclides—usually on the order of minutes-to- 
hours, whereas the SPECT agents have half-lives on the order of hours to days. Thus 
when the action of a small, biologically-relevant molecule must be monitored, the 
substitution of the 12C atom with the positron-emitter 11C and an accurate map of the 
fate of the molecule can be acquired with PET. This “biologically relevant” advan-
tage of PET as a modality is important in preclinical research, especially in the area 
of drug development.

Nevertheless, advantages of SPECT over PET in preclinical research can make 
SPECT/MRI a powerful combination. One of the advantages of SPECT over PET is
the theoretically unlimited spatial resolution that results from the emission of the 
single photon from the exact location of the atom that is intended to be imaged. This 
is contrasted with positron imaging, in which the annihilation location can be up to a 
few millimeters (and always several hundred microns) from the location of the radio-
active decay. The uncertainty in the location of the decay in PET imaging is further 
degraded by the center-of-mass momentum of the positron-electron (positronium) 
prior to annihilation—which adds an uncertainty in the 180-degree angle between 
the two 511 keV annihilation photons. The advantage of resolution is especially 
 pronounced in the organs and anatomical structures of small animals such as mice.

In order to fully realize the spatial resolution advantage of SPECT, multiple pin-
holes must be employed to collect the additional photons needed to fill the three- 
dimensional voxel space. The number and configuration of pinholes is limited by 
the physical size of the surrounding SPECT detectors, and therefore the smaller the 
resolution element the more pinholes that can be employed, that is, the more pinhole 
images that can be projected onto the detector surface. Conventional Anger gamma 
cameras have resolution elements of about 3 mm. Current semiconductor CZT 
modules employ 1.6 mm pixels, and researchers are aiming toward sub-0.5 mm pixel 
CZT in the future. Therefore developments in smaller-pixel SPECT detectors lead 
directly to simultaneous improvements in sensitivity and spatial resolution in 
 multi- pinhole imaging.
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Another advantage of SPECT is the ability to image two isotopes simultaneously. 
Dual-isotope techniques using NaI Anger cameras have been reported in the literature 
for at least 20 years. Examples of SPECT nuclide combinations include: 99mTc-with-
111In (140 and 171, 245 keV), and 99mTc-with-123I (140 keV and 159 keV). Note that 
these radionuclides are labeled to different pharmaceuticals such that separate bio-
logical processes are simultaneously probed. The MRI-compatible detector mate-
rial, CZT, happens to have especially good energy resolution compared with the 
conventional NaI/PMT combination that has been in use for more than 50 years, 
thereby giving dual-isotope images with superior contrast. CZT’s energy resolution 
is now less than 4.5 % FWHM at 140 keV compared with the typical >9.0 % FWHM 
value of NaI for the 140 keV photon energy that 99mTc emits. Therefore, two or even 
three SPECT-labeled pharmaceuticals can be imaged with the CZT camera while 
MRI provides the anatomical, functional, or spectroscopic information from either the 
inherent molecules or an additional MRI-contrast agent. This “multi-wavelength” 
advantage is often touted for preclinical optical techniques and is the advantage of 
complementary, simultaneous molecular information also can be realized with 
CZT-based SPECT.

Another advantage of SPECT over PET in general is the longer half-lives of the 
SPECT nuclides. As mentioned above, the biologically-relevant PET nuclides are 
useful in drug development, especially to monitor the effects of small molecules 
without the labeling atom interfering with the chemistry. However, these four 
nuclides have half-lives of 110 min (18F), 20.4 min (11C), 10 min (13N), and 2 min 
(15O). Therefore, the price one pays for the small, biologically relevant nuclides is
that one cannot monitor their action in vivo for an extended time period. Furthermore, 
chemistry processes have to be accelerated in the formulation of the labeled phar-
maceuticals such that the labeled injectate must be ready well within an hour of the 
creation of the nuclide via nuclear reaction in a cyclotron. Therefore, SPECT 
nuclides, along with MRI-relevant elements such as gadolinium, can be incorpo-
rated into nanoparticle “cells” that may take more than an hour to fabricate and fill. 
A labeled nanoparticle admittedly cannot serve as a small molecule probe for drug 
development, but when receptor-targeted ligands are attached they can be highly- 
specific molecular probes despite their relatively large size.

Nuclear medicine imaging can be quantitative in that the number of radioactive 
atoms in a given imaging volume (voxel) can be estimated to an uncertainty in accu-
racy of less than 20 %. In order to achieve accurate quantification of the concentra-
tion of radioactive atoms in a given voxel, a number of “corrections” have to be 
performed. The accuracy of these corrections can be aided by the simultaneous 
acquisition of MRI data and the use of the MRI image upon which to base the cor-
rections. For example, absolute quantification and pharmacokinetic modeling are 
dependent upon the knowledge of the “input function” which represents the time- 
course of the delivery of the radioactive bolus to the targeted lesion or organ-of- 
interest. Traditionally, the nuclear modalities PET [ 10] and SPECT [11] have used 
blood sampling to estimate the time-dependent input function. However, blood 
sampling can be tedious and often invasively affect the experiment (especially with 
very small animals with a limited blood volume). It would be preferred to use blood 
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flow MRI sequences through major vessels [12] to estimate the input function rather 
than extract and assay blood samples on a continuous basis throughout the imaging 
session. Other recent MRI approaches to estimating the input function [ 13] devel-
oped in 2D in mice could be more promising.

Another correction that must be made in nuclear quantification is that for attenu-
ation of the emitted photons. Attenuation encompasses both the photo-electric inter-
action which removes photons from possible contribution to the image, as well as 
the Compton-scattered interaction which reduces the energy of the photons and 
redirects their trajectory. Although PET and SPECT used external radioactive 
sources to create “attenuation maps” throughout the 1990s and into the new millen-
nium, these external sources have been superseded by CT-generated attenuation 
maps. Nowadays CT hardware is nearly always sold in combination with PET rings 
and increasingly with dual-headed SPECT systems. The CT attenuation map is con-
verted to the correct (known) PET energy (511 keV) or SPECT energy for the given 
nuclide in use. Tissues are segmented in software and these segmented tissues are 
used to provide scatter correction to the nuclear data. In SPECT/MRI, the MRI 
would take the place of the CT for estimating the attenuation map to be used for the 
quantitative correction. This is more complicated than CT energy scaling, since 
MRI signal generation is unrelated to attenuation properties [14]. One must segment
the MRI data into tissues, and an assignment of a “mean” value of attenuation must 
be made to each tissue type. This approach is under development for PET/MRI [15].

Quantitative accuracy is diminished when the object being imaged is smaller 
than or of-the-order-of the spatial resolution of the imaging system. This is called 
the “partial volume effect”. The partial volume effect can be partially corrected for 
if the resolution response function of the system is well known. However, it is 
always preferred to begin the quantification process with better spatial resolution. 
With MRI’s superior spatial resolution, the boundaries determined by MRI can be 
used to provide a-priori information to enable an improved correction for the partial 
volume effect for the SPECT quantification calculation.
Because SPECT does not require further corrections for random coincidences

and changes in detection efficiency due to count-rate dead time effects, SPECT 
enjoys an advantage compared with PET in that the uncertainties in quantitative 
accuracy from these corrections are not present in the SPECT measurements. 
Especially in the preclinical imaging arena, where SPECT resolution now is rou-
tinely superior to PET by about a factor of two (0.5 mm compared with 1.0 mm 
FWHM), the partial volume effect offers SPECT an advantage over PET in preclini-
cal quantification accuracy.

4  Review of SPECT/MRI Development Efforts

Over the centuries physicians have observed symptoms and physical manifestations
of disease and used them to render a curative recommendation. The role of medical 
imaging to aid the physician’s diagnosis is summarized in the timeline of Table 14.1. 
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Beginning in the Renaissance era, the dissection of cadavers for the purpose of
documenting the human anatomy allowed physicians to “imagine” the fluid flow, 
swelling, inflammation, abscess formation, and other phenomena in living subjects. 
This was aided by palpation techniques used with knowledge of normal anatomy to 
deduce the presence of abnormalities. In the period after the discovery of X-rays, 
the use of imagination was superseded by definitive X-ray images. New modalities 
arose during the preceding century—ultrasound, nuclear, and magnetic resonance 
imaging each contributed its unique clinical data to the physician’s diagnostic 
observations. With new modalities that probed different biological processes, the 
physician again was required to use imagination or “mental fusion” to combine the 
impressions from the various imaging modalities to formulate an improved diagnos-
tic judgment. The practice of radiology during the period from ~1940 (after which 
ultrasound and nuclear medicine were added to X-ray imaging) to ~1995 (when 
dual-modality imaging was introduced) required mental fusion of imaging data 
acquired at different times and under varying physical conditions.
Computers were introduced to medical imaging in the 1970s. By the 1990s the

efficient transfer of image data by removable media or over first-generation net-
works allowed the “software fusion” of digital image data from individual modali-
ties. The use of computers to combine image datasets is a necessary first step to 
justify the development of multimodality systems. If radiologists are “mentally fus-
ing” image sets on a regular basis, there is obviously a growing demand for a soft-
ware solution to perform this task. The existence of mental and software fusion of 
two imaging datasets provides the impetus for the development of a hardware solu-
tion that will remove experimental variables and reduce costs and inconvenience 
associated with separate imaging sessions.

Table 14.1 The historical progression of multi-modality advances with emphasis on imaging 
contributions

Time Development Example(s)

Pre-modern era Tribal wisdom, knowledge  
of natural medicine

Herbs, fungi, acupuncture

~1500 Dissection of cadavers; basic 
understanding of musculo-  
skeletal and vascular anatomy

Anatomical atlases

~1900 X-ray discovery In vivo visualization of blockages, foreign 
bodies, and malformations using film

~1970 Tomography (MRI, CT, nuclear), 
computers

3D visualization of anatomy (CT, MRI), 
function (MRI, nuclear), and 
molecular (nuclear) conditions in vivo

1995 Dual-modality, sequential SPECT/CT and PET/CT
2005 Dual-modality, simultaneous PET/MRI, SPECT/MRI
Future Single-modality, simultaneous,  

two 3D datasets
Multiple wavelength optical and SPECT

Note that the ultimate multi-modality configuration of the future might be a single modality which 
simultaneously acquires multiple image datasets via multiple wavelength channels such as allowed 
by optical or SPECT techniques
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With this review of the history of Radiology in mind we examine the developments 
in the field of SPECT/MRI.

Image registration is the scaling and orientation (and, if necessary, warping) of 
two 3D image datasets in preparation for the display of the fused images. Early 
efforts in the development of SPECT/MRI explored techniques to register the two 
datasets [16] and to use the high resolution MRI data as a-priori information to 
improve the SPECT reconstruction [17]. An early software fusion example of clini-
cal SPECT combined with MRI was for brain imaging—matching anatomical MRI 
with perfusion SPECT [18]. The fixed confines of the skull provide a known back-
drop for the development of registration and quantitative analysis routines [ 19] for 
the two modalities. Software fusion of SPECT with MRI has also been done with 
clinical prostate images [20].

The first step in developing SPECT/MRI hardware is to push the current tech-
nologies to their operational limits. Although it is generally assumed that PMT- 
based gamma cameras cannot operate effectively in magnetic fields stronger than 
the earth field, careful experimental layout allows the operation of a PMT-based 
system in a magnetic field of 0.1 T using a “low-field” MRI (roughly an order of 
magnitude lower than used in the clinical) and a rotating, PMT-based SPECT sys-
tem (Gaede, Freiburg, Germany) [21, 22]. This system cannot be used for simulta-
neous SPECT and MRI acquisitions, but served as a useful example of a “same-room” 
prototype that is similar to PET/CT in sequential operation.

The magnetic field-sensitive PMTs can be substituted with semiconductor detec-
tors, thereby allowing researchers to bring SPECT imagers directly into the high 
magnetic fields in use today in small animal MRI research. A 2-mm thick, 
5-mm × 5-mm CZT single crystal was introduced into a 7 T animal MRI imager by 
researchers at the University of California, San Francisco [23]. An ultra-high reso-
lution (350-micrometer pixels), 1.1-cm × 2.2-cm CdTe prototype has demonstrated 
feasibility as an imaging detector in a 4.7 T MRI scanner [ 24]. Together with the 
work of the authors, these supporting efforts confirm that the CZT and CdTe family 
of radiation imaging detectors is currently the preferred choice for high- performance, 
simultaneous SPECT/MRI.

5  Detector Technologies for Simultaneous SPECT/MRI

The magnetic field strength, B, in state-of-the-art preclinical MRI systems is fixed 
typically at 4.7 T, 7.0 T, 9.4 T or 11.7 T.3  B determines the polarization of the mag-
netizations, which directly determines the achievable signal-to-noise of the MRI 
image. The very high magnetic field strength precludes the use of conventional 

3Varian, Inc. (Palo Alto, California) and Bruker Biospin GmbH (Ettingen, Germany are the primary
vendors of preclinical MRI instruments.
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SPECT camera hardware, in particular photomultiplier tubes (PMTs), inside an MRI 
system. The failure of PMTs in strong magnetic fields, even with shielding by metals, 
is the most important technical hurdle for the design of an integrated SPECT/MRI 
hardware. To solve the problem of mutual interference between SPECT and MRI 
there are two possibilities: (1) to develop low-field MRI systems which might allow 
one to use PMT based SPECT, or (2) to use high-field MRI systems and develop a 
SPECT system based on new gamma radiation detectors that work in strong mag-
netic fields. Possible alternatives to PMTs include solid state semiconductor radiation 
detectors, typically based on silicon, germanium or much heavier compounds, like 
cadmium zinc telluride (CZT). Solid state detectors offer additional advantages over 
PMTs, e.g., higher stability, smaller size, lower power dissipation and potentially 
lower costs. Possible detector technologies for high field MRI-compatible SPECT 
include: (1) direct detection in a semiconductor based radiation sensors, (2) and a 
combination of scintillation crystals and semiconductor photosensors.

In a PMT the primary and secondary electrons move in a vacuum of about 10- 
4 mbar. The electrons accelerate between the focusing electrodes (dynodes) due to 
the electrostatic field [25]. However, when exposed to a magnetic field the PMT 
gain changes depending on its orientation relative to the magnetic field. Due to the 
Lorentz force, the electrons move in a helix with a radius of curvature,r. The radius, 
r, and the momentum component, p × cos(λ), perpendicular to the magnetic field are 
related by [26]:
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The angle, λ, is the pitch angle of the helix. The radius is relatively small: for a 
given electron momentum p × cos(λ) in the range from a few eV/c up to 100 eV/c, 
one calculates the radius of less than 1 μm at 1 T, which is much smaller than the 
distance between the photocathode and the first dynode. The Lorentz force causes
the gyro-center to move with respect to the electric field lines (Lorentz drift), and
thereby deflects the electrons from their proper trajectory. The signal amplitude in a 
PMT depends on the correct trajectories of secondary electrons among the dynodes, 
and therefore small changes in the steering greatly affect the amplified signal.

Figure 14.1 illustrates the effect of a magnetic field on the image acquired with a 
PMT-based gamma camera from five straight line sources. The arcs denote the mag-
netic field of equal strength for 1, 3, 10 and 30 G (1 G = 10−4 T, where G = Gauss and 
T = Tesla are the units of magnetic field strength). The line sources give a good 
image at a magnetic field of less than 3 G. The image becomes distorted for a mag-
netic field higher than 10 G and it disappears at 30 G.

The magnetic field affects semiconductors differently than PMTs due to the dif-
ferences in charge transport and charge collection. In a semiconductor the photo-
electron generates electrons in the conduction band and vacancies (holes) in the 
valence band. The semi-classical model of conduction predicts the movement of 
charge carriers (electrons and holes) in the crystal [ 27]. The drift velocity for elec-
trons and holes in a semiconductor is proportional to the electric field strength and 
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to their respective drift mobilities. The drift mobility characterizes the effect of scat-
tering for electrons and holes with the crystal lattice. In the absence of a magnetic 
field, electrons and holes move along the electric field lines in opposite directions. 
In the presence of a magnetic field, charges curl according to equation 14.1 with a 
sub-micron radius and move along an inclined trajectory due to the Lorentz force.
The Lorentz angle, θ, between the charge velocity and the electric field vector is 
given by Eq. (14.2) [28]:

 
θ µ= ( )arctan B

 
(14.2)

The Hall mobility, μ, is almost equal to the drift mobility. The electron Hall 
mobility in silicon at room temperature is 1670 cm2/Vs, thus yielding θ = 9.5° at 
B=1 T [28]. In a PMT the electron mobility is much larger than in a semiconductor 
crystal which increases the drift away from the electric field much more than in a 
semiconductor. The effects of the Lorentz angle has been studied in position sensi -
tive silicon detectors [ 29] and its effect on charged particle tracking and imaging 
can be corrected for after data acquisition.

5.1  MRI-Compatible Indirect Radiation Sensors

Indirect gamma radiation sensors typically consist of an inorganic scintillator and a 
photosensor. Many types of scintillators have been developed for Nuclear Physics and 
High Energy Physics experiments [30], where they are routinely used in strong mag-
netic fields. Experiments in MRI systems show that scintillators only minimally affect 

Fig. 14.1 The effect of a 
magnetic field on the image 
of 99mTc-filled line sources 
acquired with a PMT-based 
gamma camera. The line 
images distort at 10 G and 
disappear above 30 G
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image quality depending on their susceptibility and distance from the field-of-  
view [31]. New developments in scintillators [32] and new developments in photosen-
sors [33], especially on semiconductor photosensors with large gain, might enable new 
MRI-compatible high resolution, position-resolved gamma spectroscopy in preclini-
cal and clinical imaging. Figure 14.2 shows a photograph of a gamma radiation detec-
tor module, originally designed for preclinical PET/CT applications. The module 
consists of an LYSO scintillator crystal array and two arrays of monolithic avalanche
photodiodes (APDs) [34]. The APDs are semiconductor photosensors designed for the 
1-to-1 readout of the LYSO scintillator array. The scintillator array is made of 64 crys-
tals, 12-mm long, and 1.2-mm pitch at the photosensor. The mean energy resolution is 
27.5 % FWHM at 511 keV, and the intrinsic spatial resolution is 0.82 mm FWHM. 
This energy resolution precludes SPECT applications, but can enable MRI-compatible 
gamma radiation detection and MRI-compatible PET. The combination of scintillators 
and APDs [35] or SiPMs/MPPCs4 [36] has been shown to work inside MRI systems. 
Conventional SPECT systems based on monolithic NaI scintillators and PMTs have 
an energy resolution of about 14 keV FWHM at 140 keV. Using arrays of SiPMs it 
might be possible to obtain sufficient energy resolution for SPECT [37].

4 Silicon photomultipliers (SiPMs) and multi-pixel photon counters (MPPCs) are two names for 
silicon photosensors operated in Geiger-mode.

Fig. 14.2 Ceramic package and pin grid array (a), APD array (b), scintillator array (c), and assem-
bly of scintillators and APDs (d)
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5.2  MRI-Compatible Direct Radiation Sensors

The intrinsic energy resolution of scintillators is determined by crystal properties, 
photon statistics, and electron scattering [38]. Direct conversion radiation detectors 
can achieve higher energy resolution than scintillators. Figure 14.3 shows a photo-
graph of a radiation detector module designed for SPECT applications. The module 
contains a 5-mm thick crystal of cadmium zinc telluride (CZT) (eV Products, 
Saxonburg, PA USA) which converts a gamma quantum “directly” into an electric 
signal. The radiation entrance side is covered by a solid metallic electrode (cath-
ode), while the opposite side of the crystal has a pattern of 16 × 16 pixels (anodes). 
A gamma-ray that interacts in the crystal generates electrons in the conduction band 
and holes in the valence band. Electrons and holes move in opposite directions in 
the electric field and thereby induce a current in the pixels closest to the point of 
interaction. The detector module was designed for SPECT applications and allows 
one to measure the energy and the position of gamma rays in the range from 20 to 
350 keV. The intrinsic spatial resolution of this module is equal to the pixel pitch of 
1.6 mm. The energy resolution is 5 keV FWHM at 140 keV.

Experiments show that the signal amplitude and energy resolution in CZT pixels 
at magnetic field strengths of 3 and 4 T are minimally degraded compared with oper-
ation in the Earth’s field (Fig. 14.5). Experiments also show that the presence and 
operation of the CZT module does not degrade the MRI performance within the field-
of-view [39]. CZT appears to be well suited for MRI-compatible gamma cameras.

Fig. 14.3 Cadmium zinc telluride (CZT) crystal in a gamma radiation detector module
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5.3  Integrated Front-End Electronics

An imaging system of detector heads (or rings) comprised of radiation detector mod-
ules from Figs. 14.2 and 14.3 would necessarily feature several thousand pixels.5  
The electrical currents from pixels are relatively small (several thousand electrons in 
less than a micro second) and it would be impractical to conduct the signals from all 
pixels over long distances. It is therefore important to design application specific 
integrated circuits (ASICs) which process the currents in close proximity to the pix-
els and provide information on energy, position, and time. The signal processing on 
the ASIC can include signal amplification, filtering, discrimination, multiplexing of 
analog and digital data and further digital logic. In Fig. 14.3 the pixels are directly 
connected to an ASIC electronic readout located underneath the CZT [40]. Tests have 
shown that the ASICs are MRI-compatible and operate well inside and outside of the 
MRI system [ 41]. Each pixel is an independent gamma-ray energy spectrometer 
and with CZT this discrimination enables imaging of multiple isotopes simulta-
neously. The electronic readout for 256 pixels (two ASICs) is shown in Fig. 14.4. 

5 For example, the Triumph™ (Gamma Medica-Ideas, Inc.) preclinical microSPECT system uses 
4 heads, with 25 modules per head, and 256 CZT pixels per module, for a total of 25,600 pixels.

Fig. 14.4 Application specific integrated circuits (ASICs)
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The ASICs are normally covered with a cap which was not mounted in this photo-
graph. The two connectors near the ASICs provide connections for power, control 
signals and data lines. A data acquisition system acquires radiation events from 
many ASICs and delivers list mode data to a computer outside the MRI system. All 
electronics inside the MRI has been shielded against electromagnetic interference 
with the MRI.

5.4  Experimental Results

The modules shown in Fig. 14.3 were used inside a high-field MRI and at Earth’s 
magnetic field to acquire gamma-radiation energy spectra with 99mTc. The gain was 
measured for each pixel and calibrated using the 140-keV 99mTc photopeak and a 
59-keV tungsten X-ray fluorescence peak. Figure 14.5 shows the two calibrated 
energy spectra superimposed. The energy spectrum has a sharp photo peak at 
140 keV and smaller X-ray fluorescence peaks at 59 and 68 keV. The lowest energy 
threshold in all pixels is less than 20 keV which is excellent for preclinical SPECT 
applications. There is no difference in the shape of the summed spectra between 3 T 
and Earth’s magnetic field which confirms that CZT with ASICs retains its spectro-
scopic performance inside the MRI.

Figure 14.6 shows images from a uniform phantom (top) and a resolution phan-
tom (bottom) acquired with a 3 T MRI system (left two) and a SPECT system (right 

Fig. 14.5 CZT energy spectra from 99mTc measured at Earth’s field and at 3 T
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two). The phantom has a diameter of 25 mm and was filled with water and 99mTc 
(20MBq). The SPECT images have been acquired with a CZT module (1.6mm pix-
els) and a parallel-hole collimator by rotating the phantom with respect to the CZT 
module [39]. The images show that both SPECT and MRI can acquire images from 
objects simultaneously in the same field-of-view.

5.5  MRI-Compatible SPECT Camera

Figure 14.7 shows a photograph of an MRI-compatible small animal SPECT cam-
era. The camera has a barrel shape to fit into an MRI magnet bore of larger than 
12-cm diameter. The barrel structure (white), made from MRI-compatible materi-
als, supports 32 SPECT imaging modules (see Fig. 14.3) which are connected by 
MRI-compatible flexible circuit boards (brown and green). The cradle (white) is 
optional and allows one to use the SPECT inside large-bore MRI systems or as a 
stand-alone SPECT system. The 32 imaging modules are arranged in 4 octagons, 
providing a spherical or cylindrical field-of-view inside the camera bore, depending 
upon the configuration of pinholes in a cylindrical collimator sleeve. A mouse, 
located at the center, is surrounded by a radio-frequency (RF) coil, the cylindrical 
collimator sleeve, and imaging modules.

The imaging modules are arranged in concentric octagons which are rotated with 
respect to each other (i.e., non-aligned, as shown in Fig. 14.7) to provide tomo-
graphic angular sampling in the tangential direction. This SPECT camera surrounds 
the entire field-of-view and has no moving parts. Tomographic images are recon-
structed from projections acquired from the different angles. This SPECT configu-
ration allows one to sample all projection views simultaneously from a subject in 
the FOV which improves sensitivity over conventional SPECT and is particularly
attractive for dynamic SPECT imaging.

Fig. 14.6 MRI and SPECT images from phantoms: uniform (top) and resolution phantom (bot-
tom). The system resolution (pixel resolution convolved with collimator) was about 3 mm FWHM
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Conventional SPECT systems use a gamma radiation collimator normally made 
from solid lead located between the subject and the radiation detectors. It is possible 
to build MRI-compatible gamma radiation shields and collimators from heavy metals 
[42]. Multiple pinholes can be designed into the material to collimate the gamma 
radiation and projects gamma radiation from the subject through the pinholes to the 
radiation detector modules. The pinhole principle is well known from visible light 
pinhole cameras. The concept of multi-pinhole collimators combined with high spa-
tial resolution detectors and magnification of less than one improves the SPECT sen-
sitivity [43]. It is important that the pinhole collimator effectively collimates and 
shields the gamma radiation but allows one to transmit the MRI radio-frequency (RF) 
and avoids distortion of the MRI static magnetic fields or MRI gradient fields. Tests 
regarding MRI safety and compatibility follow the recommended guidelines [44].

6  Summary

Multimodality imaging has grown rapidly since the first PET/CT scanners were 
made available on the clinical market about 10 years ago. Because of developments
in semiconductor radiation and photosensor detector technologies, recent research 
efforts have concentrated on combining PET or SPECT with MRI. We have described 
above the rationale for building a combined SPECT/MRI for preclinical research, 

Fig. 14.7 MRI-compatible SPECT camera head
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with an eye toward future clinical applications. Pixellated CZT modules with ASIC 
microelectronic circuitry can provide a flexible foundation upon which preclinical 
imaging systems (e.g., Fig. 14.7) can be built. Future SPECT/MRI applications in 
the clinic will likely be based upon the most successful of the three preclinical areas 
we have described: (1) Disease-based research; (2) Therapy response/drug develop-
ment; and (3) Molecular Imaging (stem cells, reporter imaging, and nanoparticles).
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1            Introduction 

 Multimodality imaging using positron emission tomography (PET) and Magnetic 
resonance imaging (MRI) is emerging as an extremely valuable tool for investigating 
disease and physiological processes in small animal models. MRI has high spatial 
resolution but low sensitivity for detecting low abundance molecules and PET has 
very high sensitivity for the detection of radiotracers but relatively poor spatial reso-
lution. The combination of these two molecular imaging techniques offers syner-
gistic advantages over either modality alone. A fused anatomical and functional 
image affords complementary information that clearly improves our understanding. 
Images acquired simultaneously offer distinct advantages over sequential image 
acquisition since this gives “perfect” coregistration and observing the same process 
from two different vantage points can ensure the correlation of information that is 
impossible in separate experiments. 

 PET/CT has become the standard for clinical imaging studies because CT also 
gives anatomical detail not possible with PET. However, PET/MRI is better in sev-
eral respects as a diagnostic tool than PET/CT, and even more so in pre-clinical, 
small-animal studies. In the simplest application, using MRI data to detect and cor-
rect for motion during a PET scan, and making optimum use of dynamic data is 
likely to lead to better, more detailed images. The study of tumor uptake and dynam-
ics with dual-labeled, functionalized nanoparticle contrast agents [ 1 ], and simulta-
neous PET and fMRI monitoring of brain activity are just two examples of the 
possibilities with this dual-modality system. PET employs radiotracers that target 
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specifi c sites or molecules with a sensitivity many orders-of-magnitude greater than 
is possible with current MRI techniques, but PET cannot distinguish the molecular 
species to which the radioactive atom is attached. Combining PET radiotracers with 
magnetic resonance spectroscopy (MRS) using C-13 labeled tracers could signifi -
cantly improve our insight into molecular processes occurring in the body [ 2 ]. Some 
additional advantages are listed below:

•    Radiation dose is reduced. MRI does not contribute to the patient’s radiation 
dose whereas the dose from a CT scan is signifi cant.  

•   Excellent spatial registration is obtained between the MRI and PET images. This 
ability is particularly important for organs and tissues whose position and shape 
can shift even between temporally proximal scans.  

•   Soft-tissue contrast is enhanced, and tissue boundaries are more clearly delin-
eated than is possible with CT. This may support reliable partial-volume correc-
tion of PET data that can be very important for quantitative clinical data.  

•   Accurate temporal registration between the MRI and PET scans allows the determi-
nation of pharmacokinetics and pharmacodynamics. The MRI data also could be 
used to obtain blood fl ows and to correct for the effects of blood-vessel partial 
volume, effects that are inherent in the PET data sets, potentially enabling accurate 
measurement of input functions from this data without requiring arterial sampling.  

•   The magnetic fi eld of the MRI may slightly improve the PET spatial resolution 
for high energy positron emitters, as is the case for some non-traditional PET 
radionuclides being used in preclinical studies.    

 Several approaches have been explored in the pursuit of the goal of simultaneous 
PET and MRI. There has been signifi cant progress in identifying PET scintillators with 
magnetic properties [ 3 ] which are compatible with MRI. PET/MRI tomographs have 
been designed that use optical fi bers to transmit the scintillation light from the crystal 
out of the magnetic fi eld of the MRI to photomultiplier tubes (PMTs) [ 4 – 9 ]. Several 
groups favor a design that replaces the PMTs in the PET tomograph with magnetic 
fi eld-insensitive avalanche photodiodes (APD) [ 10 – 16 ]. Since one issue in running 
PET and MRI simultaneously is the potential for the two modalities to interfere, there 
has been some effort to design shielded PET electronics to avoid electromagnetic 
interference [ 17 ]. However, several technical challenges remain that must be met to 
reduce or eliminate such interference. We describe the history of the development of 
this instrumentation, and its current state-of-the art in the following sections.  

2     Instrumentation Development 

2.1      PET Using PMTs and Optical Fiber Technology 

 Early commercial PET scanners for human and animal imaging were built on the 
concept of directly coupling a scintillator, such as Bismuth Germanate (BGO), to a 
PMT. The earliest commercially available animal PET scanner, the CTI/Siemens 
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Animal Tomograph—model 713 [ 18 ] was built on this concept. It utilized Anger 
type logic for locating the event position and had a reconstructed transaxial radial 
spatial-resolution ranging from 3.8 mm full-width-at-half-maximum (FWHM) at 
the center of the scanner, to 6.7 mm FWHM at a radius of 12 cm; the scanner’s 
tangential resolution was consistent at 3.8 mm FWHM. 

 The prospect for simultaneous PET and MRI imaging has intrigued researchers 
since the early 1980s. Complimentary imaging information offered by the two 
modalities and the improvement in the PET’s spatial resolution when using high- 
energy isotopes in strong magnetic fi elds engendered new approaches for combining 
these two imaging modalities. The most logical approach towards integrating them 
was to develop an MRI-compatible PET insert; the fi rst such device was patented by 
Hammer in 1990 [ 19 ]. The then-available scintillator-PMT combination for PET 
scanners was not MRI-compatible due to the sensitivity of the PMT to magnetic 
fi elds. The presence of PMTs also made the magnetic fi eld inhomogeneous, so dis-
torting the MRI image. Researchers recognized that the key to making the two imag-
ing modalities compatible was to position PMTs in a region of low magnetic-fi eld 
strength where they could function normally and not disturb the homogeneity of the 
MRI’s magnetic fi eld. Guiding the optical photons from the scintillator blocks to the 
PMTs via light guides accomplished this aim (Fig.  15.1 ). The portion of the PET 
detector that is positioned in the MRI’s fi eld-of-view is free of ferromagnetic mate-
rial, so minimizing inhomogeneities and susceptibility artifacts in the MRI image.

   Such a design was implemented in a prototype system with two NaI(T1) scintil-
lation crystals placed inside a 5 T magnet and coupled to the PMTs via a cylindrical 
Lucite rod [ 4 ]. A measurement of the point-spread function of a Ge-68 source inside 
the 5 T magnet showed a FWHM of 1.64 mm, while outside the magnet the FWHM 
was 2.19 mm, suggesting an improvement in resolution from a reduction in the 
range of the positrons perpendicular to the 5 T fi eld. 

 To image and quantify a radiotracer’s concentration in the organs of small ani-
mals, a small animal PET must have high resolution. Resolution using block detec-
tor technology is limited by the size of the individual crystals in the block detector 
array, mispositioning of events by the light-sharing technology used and the inabil-
ity to identify interactions undergoing multiple scatter within a block. BGO scintil-
lators was chosen for its high density, but had the limitations of being diffi cult to 

Light Guides

MRI Magnet

PMTs

Scintillator Crystals

  Fig. 15.1    Schematic of 
combined PET and MRI 
scanner where light from 
scintillator blocks inside the 
MRI scanner is guided to 
PMTs placed in a low 
magnetic fi eld via light 
guides, as described by 
Hammer [ 19 ]       
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saw into fi ner crystals and having low light output making positioning of events 
using Anger logic for larger array of fi ner crystals diffi cult [ 20 ]. 

 Cherry et al. [ 21 ,  22 ] developed an approach to work around this problem. Instead 
of using saw cuts to divide a block of scintillator into array of smaller crystals, fi ner 
individual crystal elements were stacked together and coupled on a one-to- one basis 
with an individual pixel of a multi-channel photomultiplier tube through optical 
fi bers. This approach overcomes the size limitation of individual crystal pixels, 
thereby increasing the intrinsic resolution possible, reducing errors in event posi-
tioning, eliminating light-sharing, and correctly identifying and rejecting scattered 
events. Figure  15.2  is a schematic of such a detector array, which is the building 
block of the Concord microPET ®  high-resolution small animal imaging system.

   As Fig.  15.2  shows, such an arrangement of scintillators and PMT lends itself to 
simultaneous PET/MRI imaging, similar to the design proposed by Hammer. The 
scintillator array is placed inside the MRI’s bore and connected on a one-to-one 
basis by optical fi bers to the PMT placed in a low magnetic fi eld area well outside 
the magnet. Shao and Cherry utilized this design as the McPET (MRI Compatible 
PET) system [ 7 ]. This scanner produced the fi rst simultaneous PET/MRI images. 

 The McPET I system consisted of a ring of forty eight 2 × 2 × 10 mm 3  Lutetium 
Oxyorthosilicate (LSO) crystals of inner diameter 38 mm, connected via 2 mm 
diameter, 4 m long double clad optical fi bers to three multi channel PMTs (MC-PMT). 
Each 2 × 2 mm 2  LSO crystal face was coupled to each individual element of the 
MC-PMT. The crystals were arranged such that their 10 mm side formed the scan-
ner’s axial length. The crystal ring of McPET I was placed inside the radio frequency 
receiver coil of a 0.2 T open magnet MRI. The MC-PMTs were positioned at 3 m 
from the center of the MRI’s bore, where the magnetic fi eld was less than 0.1 mT and 
the MC-PMTs could be operated properly (B less than or equal to 10 mT). A steel 
box shielded the MC-PMTs and their associated readout electronics from ambient 
light, magnetic fi elds, and radio frequencies. Figure  15.3  is an image of a newer 
 version of the McPET system, showing its positioning in the MRI machine.

   McPET I had a reconstructed spatial resolution of 2.1 mm at the center, an energy 
resolution of 41 % at 511 keV, and a coincidence timing resolution of 20 ns FWHM. 

 A second prototype (McPET II) was fabricated [ 8 ] consisting of seventy two 
2 × 2 × 5 mm 3  LSO crystals arranged in a ring with an inner diameter of 54 mm. The 
crystals of McPET II are arranged such that their 5 mm length forms the thickness 
of the scanner in the radial direction. This arrangement increases the system’s stop-
ping effi ciency from 14 % in the McPET I to 34 % in the McPET II. McPET II has 

25 cm double clad optical fiber

Phillips XP1722
MC-PMT

8 x 8 Array
2x2x10 mm
BGO Crystals

  Fig. 15.2    Schematic of array 
of BGO crystals with 
one-to-one coupling with 
multi-channel PMT via 
optical fi bers used in the 
microPET module       
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an energy resolution of 45 % and a coincidence timing resolution of 26 ns, both 
lower than McPET I due to light loss from the optical fi bers being coupled to the 
crystal’s side face (2 × 5 mm). 

 Along with simultaneous PET/MRI images, McPET II was used to acquire the 
fi rst simultaneous PET- P-31 NMR spectroscopy of an isolated perfused rat heart in 
the 9.4 T Bruker NMR spectrometer [ 23 ], the so-called PANDA acquisition system 
(PET and NMR dual acquisition). Figure  15.4  illustrates the positioning of McPET 
II and the NMR probe.

  Fig. 15.3     Left : picture of the McPET system’s detector module.  Right : detector system installed 
inside the MRI magnet (Pictures courtesy of Simon Cherry)       
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  Fig. 15.4    Arrangement of McPET II inside the Bruker 9.4 T spectrometer with a custom-designed 
NMR probe in place. Reprinted with permission from Garlick et al. [ 23 ]       
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   The use of fi ber optic cables to position MRI sensitive equipment far from the 
magnet, and avoiding ferromagnetic material in the PET system, minimizes inter-
ference between the two imaging modalities. An analysis of the quality of MRI and 
PET images obtained with McPET inside the MRI revealed no signifi cant artifacts 
due to such interferences [ 24 ].  

2.2     Development of Solid-State Electronics 

 The major drawbacks of photomultiplier tubes that prevented their use in an MRI 
were overcome with the development of semiconductor detector technology. 
In particular, the development of Avalanche Photodiodes (APDs) paved the way for 
much of the PET technology possible today. The operation principle of an APD is 
based on the conversion of photon energy into free charge carriers in the semicon-
ductor bulk, and their multiplication via the process of impact ionization. The basic 
element of the structure is the p-n junction. When a reverse bias is applied, a vol-
ume close to the junction is depleted of free charge carriers. The charge carriers 
created in the depleted region drift in the electric fi eld towards the corresponding 
electrodes, and while traversing this region, acquire enough energy to produce elec-
tron–hole pairs by impact ionization. The newly created charge carriers may create 
new ones, and so on. Thus, there is an avalanche of electrons and holes moving 
through the detector. An external circuit then detects these current pulses. 

 Although other types of semiconductor detectors, such the pin photodiodes, were 
studied as an alternative to PMTs, their poor timing resolution and high noise char-
acteristics limited their use in PET [ 25 ]. On the other hand, APDs with their reason-
able timing- and energy-resolution, and, very importantly, magnetic-fi eld 
insensitivity, were extremely attractive for high-resolution PET and multi-modality 
imaging, such as simultaneous PET/MRI. The small size and ruggedness of APDs 
allowed the development of PET architectures with very small crystals and high 
packing fraction which was not possible with traditional PMT based designs with-
out employing light guides or the light sharing block detector techniques. 

 Rapid growth in semiconductor technology in the 1980s resulted in several 
improvements, such as higher gain and gain uniformity, due to better doping and 
growth techniques of the Si wafer, and higher quantum effi ciency in the blue range 
of the spectrum (surpassing PMT quantum effi ciencies) thereby making them suit-
able for coupling with scintillators. APDs also have an advantage over PMTs in not 
requiring high bias voltages to operate. Nevertheless, APDs are prone to high noise 
due to factors such as shot noise from internal and surface currents, capacitance 
noise from downstream electronics such preamplifi ers, and statistical noise due to 
the avalanche processes. Hence, low-noise front-end electronics are required to 
minimize the noise and assure a good signal-to-noise ratio from such detectors. 
Another disadvantage is that APD gains are sensitive to temperature and, conse-
quently, temperature monitoring or control is needed when operating APD-based 
devices [ 25 ,  26 ]. 
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 The combination of APDs with scintillators for application in PET began with 
Petrillo et al.’s studies of APD-scintillator detector units [ 26 ]. Using reach-through 
APDs (RAPDs), the fi rst test that coupled APDs to NaI(T1) crystals, yielded an 
energy resolution of 10.4 % FWHM for the Cs-137 photopeak at 662 keV, with a 
quantum effi ciency of over 50 % at NaI’s emission wavelength (415 nm). 

 Work continued by making detector units of BGO, at that time the crystal of 
choice for PET scanners and APDs [ 25 ,  27 ,  28 ]. Those detector modules consisted 
of two individual 3 × 5 × 20 mm 3  BGO crystals coupled to 4 × 4 mm2 APDs. In prin-
ciple, the modules could be stacked to form larger arrays. Tests demonstrated an 
average energy-resolution of 20 % for 662 keV Cs-137 γ rays, and a coincidence- 
timing resolution of 15 ns FWHM (511 keV) between two such modules, perfor-
mance characteristics suitable for PET. The outcome of these and further studies 
was the construction of the fi rst APD-based PET system for small animals, The 
Sherbrooke Avalanche Photodiode Positron Tomograph. This scanner consisted of 
256 BGO APD detector modules [ 29 ] and a transaxial FOV of 118 mm and an axial 
FOV of 10.5 mm. Figure  15.5  illustrates the tomograph and its detector modules.

   The introduction of Ce-doped LSO crystals ushered in new detector modules 
containing this scintillator with APDs. LSO was superior to BGO in having a much 
faster decay time (40 ns vs. 300 ns), hence leading to better timing-resolution. 
Several tests of LSO–APD detector modules established the feasibility of this 
approach, especially by achieving nanosecond timing resolution [ 32 ,  33 ]. Various 
detector confi gurations were explored, such as the one to one coupling of LSO crys-
tal arrays to a matching APD array (Fig.  15.6 ) as well as position encoding using 
APDs [ 14 ,  34 ,  35 ]. Furthermore, progress was made in designing ultra low noise 
front end electronics [ 36 ,  37 ].

   Pichler et al. evaluated the performance parameters of this LSO APD combina-
tion. Studies were conducted at 9.4 T [ 38 ] by wrapping a polished 3.7 × 3.7 × 12.0 mm 3  
LSO crystal in Tefl on tape, coupling it to a 3 mm active diameter APD via a silicone 
rubber disc, and placing them in a magnet bore. The output of the APD was con-
nected by a coaxial cable to a preamplifi er also situated inside the magnet (Fig.  15.7 ).

   Two aluminum boxes enclosed the LSO APD module, the Na-22 point source, 
and the preamplifi er, shielding their electronics from any kind of interference from 

  Fig. 15.5     Left : diagram of the Sherbrooke Small Animal Tomograph, the fi rst LSO-APD based PET 
scanner (Fontaine et al. [ 30 ] used with permission, © [2005] IEEE).  Right : a detector “cassette” mak-
ing up the ring of the scanner. Reprinted with permission from Bergeron et al. [ 31 ], © [2009] IEEE       
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the MRI. Further, a copper tube surrounded the aluminum boxes. The output from 
the preamplifi ers inside the magnet is fed to a preamplifi er shaper outside the mag-
net via an 11 m long coaxial cable. Other components of the setup, such as the high-
voltage supplies for the APD bias and a multichannel analyzer, were also situated 
outside the magnet. The study demonstrated the stable performance of the LSO 
APD detector module inside the 9.4 T, with no dependence in gain and energy reso-
lution (14.4 % at 511 keV) of APD on the magnetic fi eld. Also, there was no effect 
of changes in the orientation of the APD electric fi eld with respect to the main 
magnetic fi eld lines (parallel vs. perpendicular), hence proving the feasibility of 
operating such a PET detector module inside an MRI.   

3     Current Instrumentation 

 Several groups developed operating PET/MRI systems for small animals, and sev-
eral more formulated new technologies. In this section, we discuss current technolo-
gies and how they will take us into the future. 

  Fig. 15.6    A 4 × 8 LSO 
crystal array next to a 4 × 8 
array of non-magnetic APDs 
(Hamamatsu S 8550)       

  Fig. 15.7    Schematic 
of a LSO-APD detector 
module and preamplifi er 
inside a 9.4 T magnet with 
the associated electronics 
outside the magnet       
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3.1     Current PET Systems 

 We have broadly classifi ed current preclinical PET/MRI systems on the basis of the 
detector confi guration as follows:

    (a)    Scintillator-PMT combination wherein the PMT is placed in a low magnetic 
fi eld and light is directed into it from the scintillator via optical fi bers. Section  2.1  
details this system,   

   (b)    Scintillator-APD combination that positions the APD and electronics in a low mag-
netic-fi eld and directs light from the scintillator to the APD through optical fi bers,   

   (c)    Direct or closely coupled scintillator and APD detectors wherein the detector 
module is in the MRI’s fi eld of view (FOV), and hence experiences strong mag-
netic fi elds. Two such systems are summarized below,   

   (d)    Silicon photomultipliers for APDs in a close coupled detector module.     

 In this section, we cover the design of two directly coupled APD scintillator 
PET/MRI systems, one developed by Judenhofer et al. at the University of Tubingen 
[ 15 ], and another developed by Schlyer et al. at Brookhaven National Laboratory 
(BNL) [ 39 ]. 

3.1.1     University of Tubingen Simultaneous PET/MRI Small Animal System 

 This PET system was built to function in a 7-T BioSpec 70/30 Ultra Shielded 
Refrigerated MRI, or a 7-T ClinScan MRI system (Bruker BioSpin MRI) [ 15 ]. The 
PET system consists of a detector module where a 12 × 12 array of individual 
1.6 × 1.6 × 4.5 mm3 LSO crystals is coupled via 3-mm long light guides to a 3 × 3 
APD array. The system comprises ten such detector blocks arranged in a ring. The 
RF coil of inner diameter 36 mm fi ts inside the PET ring that, in turn, fi ts inside the 
MRI gradient coil. This arrangement results in a transaxial PET/MRI FOV of 
36 mm. Figure  15.8  shows the detector module and its positioning in the MRI.

   The output of the APD is fed to a charge sensitive preamplifi er after which it is 
buffered to electronics placed at a fi eld <0.0005 T and shielded with non-magnetic 
coaxial cables. A copper-clad (10 μm thick) dual-sided printed circuit board (PCB) 
shields the detector modules. The shielded module is shown in Fig.  15.9c . These 
shielded modules then are assembled in a ring (Fig.  15.9b ). The entire unit is posi-
tioned inside the MRI bore as illustrated in Fig.  15.9a .

3.1.2        BNL’s Simultaneous PET/MRI Small Animal Imaging System 

 The BNL small animal PET/MRI system is based on the RatCAP technology [ 39 ]. 
The detector module consists of a 4 × 8 array of 2.2 × 2.2 × 5 mm 3  LSO crystals, 
directly coupled to a 4 × 8 APD array. Each of these detector modules is mounted on 
a socket on a rigid fl ex circuit (Fig.  15.10 ). Twelve such detector modules on the 
circuit are rolled up to make the PET ring.
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  Fig. 15.8     Top : a detector module consisting of LSO crystals coupled to APDs and preamplifi er 
unit printed-circuit board.  Bottom : arrangement of PET system inside MRI showing its position 
between the RF and gradient coils. Adapted with permission from Judenhofer et al. [ 15 ]       

  Fig. 15.9    ( a ) PET ring positioned inside scanner bore. ( b ) PET system consisting of ten shielded 
detector modules arranged in a ring. ( c ) PET detector module shielded by copper-clad printed 
circuit boards (PCBs). PET insert from the Tubingen group. Reprinted with permission from 
Judenhofer et al. [ 40 ])       
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   The APD signals are amplifi ed and digitized using an application specifi c inte-
grated circuit (ASIC) developed for this system [ 41 ]. The ASIC is mounted on the 
back of each socket on the fl ex circuit. The digital signal output from the ASIC is 
further routed to a time stamp and signal processing module (TSPM) via shielded 
coaxial cables; there, the events are processed further and buffered to a computer via 
optical fi ber [ 42 ]. The TSPM is placed inside an aluminum box at the edge of the 
magnet bore. The power supply units and data acquisition computer also are outside 
the MRI room. 

 The PET system (Fig.  15.11 ) is housed in a Delrin (polyoxymethylene) plastic 
case, with a custom-designed RF coil that can operate in a quadrature mode posi-
tioned inside it. The PET assembly with the RF coil has a transaxial FOV of 31 mm. 
Cables transferring PET signals to the TSPM are housed in concentric segmented 
copper sheets to provide shielding and minimize eddy currents.

  Fig. 15.10     Left : a rigid fl ex circuit partially populated with LSO-APD detector modules.  Right : a 
rolled up rigid fl ex circuit showing the PET architecture       

  Fig. 15.11     Left : PET ring housed inside Delrin can with RF coil placed inside it.  Right : the custom 
MRI coil used inside the PET ring       
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   In experiments, the PET ring and the RF coil were positioned at the center of the 
9.4 T microMRI and simultaneous PET/MRI images of a rat’s brain labeled with 
[ 11 C]raclopride were acquired. Raclopride binds specifi cally to dopamine receptors 
in the brain, and is refl ected in the increased intensity of the PET signal in the brain 
striata, as shown in Fig.  15.12  [ 43 ].

3.2         Position Sensitive Avalanche Photodiodes (PSAPD) 

 One recent development in semiconductor technology for PET application was the 
introduction of position-sensitive APDs or PSAPDs [ 44 ]. Simply put, PSAPDs con-
sist of a continuous layer of detector material (rather than pixelated arrays of tradi-
tional APDs) with output terminals positioned such that the relative intensity of the 
avalanche signal at these contacts serves to determine the exact location of the photon 
interaction, a principle similar to that underlying Anger logic positioning (Fig.  15.13 ).

   With such a positioning logic, far fewer contact terminals are necessary for a 
PSAPD compared with a pixelated APD to achieve the same nominal spatial- 
resolution, thereby minimizing the electronics needed for downstream processing. 

  Fig. 15.12     Top : T1 weighted FLASH 3D isotropic MRI images of rat brain.  Middle : PET images 
showing increased uptake of [ 11 C]Raclopride in the striata.  Bottom : Fused PET/MRI images       
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This, in turn, reduces the cost and complexity of scanners being built using this 
technology, especially for small animal imaging systems where resolution is a cru-
cial requirement, so that thousands of APD pixels have to be read out within only a 
small space to accommodate all the electronics. Tests with PSAPDs revealed energy 
and timing resolution suffi cient for PET imaging and several groups have started 
incorporating PSAPDs into their scanner design [ 11 ,  47 – 49 ]. PSAPDs, similar to 
APDs, are insensitive to magnetic fi eld and, with fewer electronics, are suitable 
candidates for simultaneous PET/MRI where PET detectors must fi t in the space 
available inside a high-fi eld MRI bore. Catana et al. implemented one such PET/
MRI scanner in a 7 T magnet and acquired simultaneous PET/MRI images with it 
[ 11 ] (Fig.  15.14 ).

   The PET detector in this setup consists of a module of an 8 × 8 array of LSO 
crystals (1.43 × 1.43 × 6 mm 3 ) coupled via optical fi bers (approx. 10 cm long) to a 
14 × 14 mm 2  PSAPDs whose terminals are further connected to charge sensitive 
preamplifi ers (CSP) (Fig.  15.14 , top). The PET ring consists of 16 modules arranged 
as shown in Fig.  15.14  (bottom). Concentric copper cylinders surround the CSP and 
associated electronics in the MRI bore minimizing electromagnetic interference 
between PET and MRI. The signals from the CSP are transmitted to signal process-
ing electronics placed away from the magnet by using non-magnetic coaxial cables. 
The PET ring lies inside the MRI’s bore between the RF and gradient coil 
(Fig.  15.15a ). Simultaneous PET/MRI images of a mouse head acquired using this 
system is shown in Fig.  15.15b .

   No visual artifacts were evident in the MRI images as a result of inserting the PET 
detectors. The effect of the MRI on PET involved a rotation in the fl ood histograms 
obtained during MRI pulsing, but unique crystal identifi cation was still possible. 

 Another prominent application of PSAPDs is in depth of interaction (DOI) 
encoding. For small animal scanners that require high sensitivity, scintillator 
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crystals need to be long (10–20 mm) to stop more annihilation gammas, and the 
detectors must be placed very close to the imaged object to increase solid-angle 
coverage. However, the combination of these two factors can result in severe paral-
lax errors. With fewer electrical contacts and low gamma attenuation properties, 
depth of interaction encoding is feasible by placing PSAPDs on two opposite faces 
of the scintillator crystal. Several studies demonstrated the DOI encoding capabili-
ties of PSAPDs [ 50 ,  51 ] thereby improving the spatial resolution attainable. Hence, 
PSAPD detectors can support high-sensitivity, high-resolution MRI compatible 
PET scanners.  

  Fig. 15.14     Top : a detector module consisting of an LSO array coupled to PSAPD using optical 
fi bers.  Bottom : PET detector ring consisting of 16 such detector modules shielded with copper. 
(Photographs courtesy of Simon Cherry)       

  Fig. 15.15    ( a ) Arrangement of PET detector inside MRI’s bore. ( b ) Simultaneous PET/MRI 
images of a mouse head using  18 F showing uptake of the radiotracer in the bones.  Top row : MRI 
images,  Middle row : PET Images, and,  Bottom row : Fused PET/MRI images. Reprinted with per-
mission from Catana et al. [ 11 ]       
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3.3     Silicon Photomultiplier 

 The Silicon Photomultiplier (SiPM) is a promising new technology that combines 
the high-gain, low-noise properties of a photomultiplier tube with the magnetic 
insensitivity of an APD. Also known as the Geiger Mode APD, these devices are, as 
the name suggests, APDs operating at a bias voltage slightly above their breakdown 
point, or in the Geiger mode [ 52 ]. Consequently, SiPMs exhibit very high internal 
gains on the order of 10 5 –10 6 , and have timing properties that act as a single-photon 
counter. Figure  15.16  illustrates the typical structure of a SiPM array. The array 
comprises a few hundred to a few thousand microcell or micropixel APDs on a com-
mon substrate of 1 × 1 mm 2 .

   An incident photon triggers the production of a charge carrier that, in turn, cre-
ates an avalanche breakdown. The SiPM is essentially a photon counter, and gener-
ates a standard output signal for one or more photon interactions per cell. This is 
where the structure of the microcell array, and the detector’s single-photon counting 
capability come into play. With multiple photon interactions over a given area, mul-
tiple microcells are triggered into avalanche breakdown. Hence, the number of 
microcells fi red in the array is proportional to the number of photon interactions 
taking place. This is true only if the rate of incoming photons is such that only a 
single photon interaction occurs in a microcell within its quenching time, i.e., the 
period it takes for a microcell APD to come back to its normal state after an ava-
lanche breakdown. Passive quenching is achieved by connecting each of the micro-
cell APDs in the series with a resistor to a common aluminum grid for reading out 
the signals from the array. The resistive layer also acts as a decoupling element 
between the adjacent microcells in an array. However, it also reduces the active area 
of the SiPM array, thereby reducing its overall detection effi ciency. 
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  Fig. 15.16    A SiPM array 
consisting of several 
micropixels on a common 
substrate. Adapted from [ 53 ]       
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 From the perspective of using these detectors for PET, the following are its key 
advantages:

    1.    High intrinsic gain and low excess noise,   
   2.    Insensitivity to magnetic fi eld (particularly suitable for PET/MRI imaging),   
   3.    Good timing-resolution (in picosecond range),   
   4.    Low temperature-dependence compared traditional APDs,   
   5.    Low operating voltages,   
   6.    Low production costs.     

 Studies of SiPMs with scintillator crystals, such LSO/LYSO for PET have dem-
onstrated good energy and timing resolution along with the listed favorable proper-
ties [ 53 – 55 ]. However, one drawback of SiPMs is their low detection-effi ciency at 
the LSO/LYSO emission wavelengths (or the blue end of the spectrum). Hence, 
more work is needed here to fully exploit their usefulness for PET.  

3.4     Modifi ed MRI Scanner Architectures 

 Until recently, most work combining PET and MRI focused on modifying 
PET instrumentation to fi t and function inside an existing MRI scanner. 
However, PET/MRI scanners have been designed wherein the MRI scanner 
 instrumentation was modifi ed to accommodate PET detectors. We describe two 
such systems below. 

3.4.1     The microPET ® -MRI System 

 The microPET ® -MRI system, as the name suggests, implements the architecture of 
the microPET ®  (Focus 120) small animal scanner inside an MRI [ 5 ]. The MRI scan-
ner is a novel 1 T superconducting magnet, fabricated in two halves with an inter-
vening 80 mm gap, i.e., in a “split magnet” design that accommodates the PET 
detector modules in the gap. The modules, consisting of LSO crystals (12 × 12 
array) are coupled to a position-sensitive PMT through optical fi bers in a ring archi-
tecture. Figure  15.17  is a schematic of this arrangement.

   As the illustration shows, the PMT is positioned outside the magnet bore at a 
radial position of 120 cm (length of optical fi bres) where the fi eld strength is about 
30 mT. The PMTs are further shielded with soft iron, reducing the fi eld strength 
experienced at the PMT to 1 mT. This confi guration, with PET detectors positioned 
in the center of the MRI, supports simultaneous PET/MRI. There was minimal deg-
radation in the sensitivity and energy spectra obtained from the PMT due to the 
magnetic fi eld. However, using 120 cm long fi ber-optic cables causes some degra-
dation in energy resolution from loss of light. MRI images of a mouse brain obtained 
using this split magnet scanner verifi ed that it generates good-quality, high- 
resolution images.  
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3.4.2     Field Cycled MRI-PET System 

 The principle of operation of a fi eld-cycled MRI-PET system is that PET data is 
acquired when the MRI magnetic fi eld is turned off or cycled to zero [ 58 ]. This 
practice avoids the limitations faced when attempting to operate traditional PET 
systems in a magnetic fi eld. A fi eld-cycled MRI consists of two sets of magnets. The 
fi rst one, called the polarizing magnet, is a high-strength magnet that polarizes the 
objects placed in its fi eld of view. After polarization, this magnet is cycled to zero 
and the second magnet, a low fi eld strength readout magnet is activated such that the 
polarized volume is precessing at the Larmor frequency of the readout magnet. 
During the readout magnet phase, excitation and readout pulse sequences are car-
ried out by pulsing the RF and gradient coils. This phase of the pulse sequence is 
followed by a period when the readout magnet is cycled to zero and the magnets are 
allowed to cool, during which period, the PET images are acquired. Since there is 
no magnetic fi eld during this period, readout can be accomplished by placing the 
PMTs in the fi eld of view, hence allowing direct coupling and avoiding the use of 
light guides that degrade the PMT’s performance. Gilbert [ 59 ] proposed this design 
(Fig.  15.18 ). A gap of 9 cm in the MRI system accommodates the PET system.

   Other advantages of this mode are reduced distortion due to the magnetic fi eld’s 
homogeneity because the readout magnets are of low fi eld-strength. This feature also 
reduces the requirements on RF and gradient power, thereby lowering their impact 
on the PET’s electronics in comparison with standard high-fi eld MRI systems.    

  Fig. 15.17    Schematic drawing of PET detectors positioned in the split magnet space of the MRI. 
Reprinted with permission from Lucas et al. [ 57 ], © [2006] IEEE       
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4     MRI and PET Data Acquisition System Interactions 

 Potential interactions between the MRI system and the PET system could degrade 
their respective images. Interferences and artifacts might appear in the MRI images 
from the PET’s electronics, and excess random counts in the PET’s data stream 
might be created by the magnetic and radio frequency characteristics of the MRI 
data acquisition system. In this section, we a look at some potential interferences 
and describe different approaches to minimizing or eliminating them. 

4.1     Shielding Approaches 

 There are three basic approaches to minimizing interference between the PET’s 
electronics and the MRI data-acquisition system. The fi rst is to move the electronics 
away from the MRI data system. This approach uses optical fi bers to transmit the 
light from the scintillation crystals to the light detection devices, either PMTs or 
APDs. The second approach uses heavily shielded PET electronics situated inside 
the bore of the magnet and in close proximity to the MRI transmit and receive coils. 
This is the approach that has been used in the commercial PET system developed 
for human use and has also been employed for small animal scanning [ 12 ]. The 
third approach uses minimal or no shielding between the PET and MRI. This allows 
the maximum sensitivity for the MRI, but can result in a signifi cant number of 
random counts in the PET system caused by the effects of the gradient fi elds and the 
RF pulses on the PET electronics.  

  Fig. 15.18    Schematic of a fi eld-cycled MRI with PET detectors. Reprinted with permission from 
Gilbert et al. [ 59 ]       
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4.2     Degradation of the MRI Image Due to PET Inserts 

 Using the confi guration with light fi bers and remote electronics seemingly guaran-
tees minimal interference in the MRI images. In a study using a prototype MRI 
compatible PET system, subtraction images were used to delineate artifacts in the 
MRI images and none were observed [ 60 ]. Placing PET detectors and electronics 
that might contain metal components inside the MRI magnetic fi eld can compro-
mise the magnetic fi eld’s homogeneity, and may result in artifacts in the MRI 
images. Photodiodes or avalanche photodiodes are compatible with magnetic fi elds, 
but the acquisition of artifact free MRI images with these devices require assuring 
that components that do not contain any ferromagnetic materials. 

 In some PET systems, the PET events are timed using a high frequency “clock” 
signal that is propagated through the electronics on the PET insert. In this confi gura-
tion, the clock signal might interfere with the MRI signal if the frequencies are close 
to each other, or are harmonics of each other. Offsetting the frequencies some 
amount will reduce the interference greatly. We studied the effects of PET electron-
ics and hardware on MRI images with a 1.5 T MRI. These tests were performed 
without power on the PET circuits to demonstrate their potential effect. We fi lled 
one row in a Mini Deluxe Phantom (Data Spectrum Corporation, NC USA) hot spot 
insert with vegetable shortening to mimic fat, and the rest with 1 mM CuSO 4  solu-
tion. Figure  15.19  shows MRI images of the center slice of the phantom with no 
PET insert and with PET inserted and turned on. Yellow arrows mark the artifacts.

  Fig. 15.19    MRI images and profi les of a resolution phantom containing water in some compartments 
and fat in others, without a PET system ( left ) and with a PET insert in place and powered on 
( right ). Notice the line artifacts marked with the  yellow arrows  in the MRI image in the upper right 
and extending through the center of the image       
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   Accordingly, we demonstrated that good MRI images are obtainable without RF 
shielding. Mild artifacts due to interference are represented in the form of streaks on 
the image. With RF fi ltering, we were able to eliminate these artifacts 

 Using shielding on the PET insert will allow essentially noise-free MRI images. 
Figure  15.20  plots the results of a study by Simon Cherry (private communication) 
on the signal-to-noise ratio in the MRI images; it shows the uniformity of this ratio 
as a function of the pulse sequence.

4.3        MRI Effects on Spatial and Temporal Resolution 
of the PET Images 

 Using the confi guration of shielded light fi bers and remote electronics, apparently 
there is minimal interference in the PET images. When the electronics are placed 
inside the MRI scanner, there can be signifi cant effects. Using an unshielded case 
for the RatCAP and taking data in the 9.4 T magnet, we observed the following 
interference [ 39 ]. A very clear noise signal was generated in the unshielded PET 
electronics from the RF pulse sequence as shown in Fig.  15.21 . The fi gure illustrates 
MRI pulse sequence on the upper part of the fi gure and the PET single counts below.

   There are two ways to overcome this problem. The fi rst is to remove the noise 
from the data by gating out the RF pulses, out. The second is to carefully shield the 
PET electronics from the RF pulse sequence. Figure  15.22  illustrates a case that we 
designed at BNL for this purpose.

   The shield is constructed of G-10 material with a thin (5 μm) copper layer on the 
surface to block penetration of the RF power. The shielding is segmented to reduce 
eddy currents, and the electronics are placed inside a secondary shield shown on the 
right hand side of the fi gure. 

 In PET/MRI scanners that use shielded, short optical fi bers and APDs, the num-
ber of counts per second is constant as the gradient coils are operated. Figure  15.23  
plots the number of PET counts recorded as the gradient coils are turned.
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  Fig. 15.21    PET data showing the noise introduced by the RF pulse sequence in an unshielded 
PET scanner       

  Fig. 15.22     Left : RF-shielded case for the RatCAP scanner used in the 9.4 T magnet at BNL; 
 Right ; RatCAP with RF shield before sliding the outer shield over the entire assembly       
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  Fig. 15.23    Plot of number of counts during operation of the MRI gradient coils.  Dark gray bars  
indicate that the gradients are off, and the  lighter blue bars  show that the gradients are on. (Plot 
courtesy of Simon Cherry)       
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4.4        PSAPD Detector Effi ciencies in Magnetic Fields 

 Position Sensitive Avalanche Photodiodes (PSAPDs) provide similar noise, gain 
and quantum effi ciencies to single channel APDs, but employ charge sharing 
amongst anodes to obtain position information. Only fi ve contacts are needed to 
identify the position of the photon interaction, thereby greatly simplifying the elec-
tronic circuitry. In summary, PSAPDs offer good resolution in energy, timing, and 
space, and have greatly reduced electronic readout requirements. 

 When a uniform fl ood source is imaged in PET tomographs that use PSAPDs, 
the positional information is typically somewhat distorted showing a “pincushion” 
effect. This effect is a result of the Anger logic used to decode the position of the 
event using the four electrodes on the resistive sheet that comprises the PSAPD. 
This can complicate accurate segmentation of crystal positions if the distortion is 
very severe. Methods have been developed to correct for this effect [ 61 ]. 

 The major potential problem of placing the PSAPD in the magnetic fi eld is 
that the “pincushion” distortion may become more severe and events will be 
mispositioned and the energy resolution compromised due to the distortion from 
the magnetic fi eld. In calibrating a PET system, the individual crystals are 
mapped by using a look-up table to normalize for the individual crystal’s charac-
teristics, such as energy, coincidence time-windows, and effi ciencies. Plotting 
the maps in the magnetic fi eld and applying this correction consistently elimi-
nates such mispositioning. The only added complication is distortion due to the 
gradient fi elds. These effects were explored and algorithms developed to mini-
mize the effects and produce an accurate segmentation of the crystals, even down 
to 1 mm resolution [ 61 – 64 ].  

4.5     Magnetic Field Effect on Positron Range 

 Researchers have studied the effects of the magnetic fi eld on the range of the posi-
trons. Since the positrons’ range is one of the limiting factors in the ultimate spatial 
resolution obtainable with PET, any improvement in it is an added benefi t of the 
MRI environment, although this applies only in the 2-dimensional plane perpen-
dicular to the magnetic fi eld. 

 Raylman’s Monte Carlo study [ 65 ], demonstrated that a substantial improvement 
in resolution can be achieved for higher energy positrons. Table  15.1  lists the fi nd-
ings for F-18, C-11, O-15, and Rb-82.

   Raylman noted that there was some degradation in the annihilation non- 
collinearity that will degrade the resolution in large PET scanners, but which will be 
less important with a smaller diameter ring. There have been some experimental 
measurements of the improvement in spatial resolution in PET with magnetic fi elds 
[ 4 ,  66 ]. Using germanium-68 as the source of high energy positrons 
(Emax = 1.89 MeV), the results in Table  15.2  were obtained. These values are the 
ratio of the full width at half maximum of the point-spread function (PSF) in the 
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   Table 15.1    Maximum positron energy and resolution change with and without an applied 10 T 
magnetic fi eld [ 65 ]   

 Radionuclide  Max energy (Mev)  FWHM (0 T) (mm)  FWHM (10 T) (mm) 

 F-18  0.64  3.85  3.78 
 C-11  0.96  4.24  3.85 
 O-15  1.7  5.28  3.88 
 Rb-82  3.15  8.03  4.13 

   Table 15.2    Ratio of the full width at half maximum (FWHM) of the point 
spread function (PSF) with the fi eld off, divided by the FWHM of the PSF 
with the fi eld on as a function of magnetic fi eld for Ge-68 in water  

 Field   

FWHM off

FWHM on    

 0 T  1.0 
 4.0 T  1.22 
 5.0 T  1.42 
 9.4 T  2.05 

  Fig. 15.24    Range of positrons with no magnetic fi eld ( left ), and in a 7 T magnetic fi eld ( right ). 
Reprinted with permission from Wirrwar et al. [ 68 ], © [1997] IEEE       

transverse direction with the magnetic fi eld off, divided the same measure with the 
magnetic fi eld on as a function of the magnetic fi eld (Table  15.2 ) [ 67 ].

   A similar study, one with a very high-energy positron (3 MeV) and a 7 T magnet 
[ 68 ] encompassed theoretical and experimental measurements. Figure  15.24  is a 
graphical representation of the data generated from the GEANT simulation.
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4.6        MRI Images for PET Attenuation Correction 

 One key advantage of PET is the possibility of gathering quantitative information on 
the distribution of radioactivity inside an object. However, for PET data to be quan-
titative, it is necessary to correct for the attenuation of the gamma rays as they pass 
through the object being scanned. The key characteristics of a material determining 
gamma attenuation are its atomic number and the electron density. When PET was 
being used alone, the attenuation was measured directly with either a ring source or 
with one or more rotating sources containing a positron emitter (usually Ge-68). 
Since the advent of PET/CT, the correction for attenuation is based on the data from 
the CT scan. This generates a relatively accurate attenuation map, although some 
concerns remain, such as the difference in attenuation of the 511 keV gammas com-
pared to the attenuation of the much lower energy X-rays used in CT imaging. 

 With the move to MRI as the PET’s complementary imaging modality, the atten-
uation correction must be based on the data available. A problem arises because the 
MRI signal is related to the proton density and not directly related to the electronic 
density that determines gamma attenuation in an object. Several approaches have 
been developed to obtain the attenuation map from MRI data and these methods are 
discussed here. 

 The attenuation of gamma rays by matter is a function of the electron density of 
the material through which they pass. Attenuation differs, depending on the energy 
of the gammas and the different processes contributing to attenuation. The X-ray CT 
maps are obtained with X-rays with maximum energy of 140 keV, while attenuation 
must be corrected in PET for photons of 511 keV. Thus, the attenuation- correction 
algorithm must convert the attenuation coeffi cients for 140 keV derived from CT 
maps, to the coeffi cients of 511 keV. This conversion may affect the accuracy of the 
attenuation corrected PET image for different tissue densities normally encountered 
in clinical studies such as lung and bone. However, in clinical practice the CT atten-
uation map often is more accurate than the traditional Ge-68- derived one, even with 
the extrapolations made due to the differences in energy, because the noise level of 
the CT image is very low, and therefore yields a very accurate map of the object. 

 The usual method in MRI is to segment the image in some way and then assign 
values for the attenuation based on this segmentation [ 69 ,  70 ]. One approach is to 
use the MRI image directly and assign different average values of attenuation for 
regions of bone, soft tissue, and air. There may be more regions, depending on the 
required level of complexity. An alternative is to obtain a CT attenuation map for 
several patients, and form an averaged attenuation map with the corresponding 
attenuation values. This attenuation map is then transformed (stretched and adjusted) 
to match the MRI image of the particular patient. This attenuation correction is then 
applied to the PET image to get an attenuation corrected image. This population 
based approach has some advantages and some disadvantages. The advantages are 
that it is relatively easy to implement, and does not require any additional scans. The 
disadvantages are that the general template must be adjusted for each patient using 
some either manual or automated fi tting and that there is no easy way to adjust for 
differences in bone density. 
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 The most common approach for MRI attenuation correction of PET images is 
using some type of segmentation. The parameters employed for segmentation and 
the number of components determines the model’s sophistication and accuracy. 
The simplest method of attenuation correction without using a transmission scan is 
to apply a uniform attenuation coeffi cient throughout the volume being imaged. 
For the brain, a simple elliptical model is often used. There was an improvement in 
the accuracy of the PET data using this approach, but it did not produce quantita-
tive values. Early attempts to use MRI data to give an attenuation map followed that 
methodology [ 71 ]. The method was enhanced by adding more types of tissue with 
better estimates of the attenuation coeffi cients [ 72 ]. Table  15.3  gives typical seg-
mentation values for these parameters for imaging several organs and tissues.

   Correcting PET data for attenuation using MRI images still is being investigated 
actively. Several reviews [ 72 – 74 ] examined the possibilities and covered the work 
already done. The general conclusion is that using MRI for attenuation correction 
certainly is not as straightforward as using CT, but should be possible. Segmenting 
the skull into several regions and assigning attenuation coeffi cients seems to work 
well. For the torso, the favored approach seemingly is to fi t the MRI images to a 
standard atlas by adjusting the standard organ sizes and shapes to match the patient.   

5     Prospects for the Future 

 The fi rst steps have been taken in the development of simultaneous PET/MRI scan-
ners. There is a great deal left to do in terms of instrument improvements and the 
applications are just beginning. This is a very exciting time in multi-modality imag-
ing that promises to get better. 

5.1     Technical Challenges Still Ahead 

 Several technical challenges must be overcome before simultaneous PET/MRI is a 
mature technology. The ultimate goal is to design a system where the MRI does not 
degrade the PET image signifi cantly, and the PET electronics do not interfere with 
the MRI electronics causing artifacts or decreasing the signal-to-noise in the MRI 
images. The greater the distance between the two systems, the easier this goal is to 
realize. Even a few millimeters will greatly reduce the interaction between the two 

  Table 15.3    Typical 
attenuation coeffi cient values 
for MRI segmented  

 Region  Typical values (cm −1 ) 

 Brain  0.095–0.099 
 Skull  0.143–0.151 
 Nasal sinuses  0.054–0.055 
 Soft tissue, and skin  0.095–0.096 
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systems. Any conductive materials in the PET part of the system will need to be 
compensated by tuning the RF coil with the PET insert and object in place. For this 
reason, it is important to be able to tune the coil remotely from outside the machine. 

 Another consideration is the sensitivity of the gain of APDs to changes in tem-
perature. Typically, a few degrees shift in temperature alters the gain by a large 
factor. The switching gradient’s magnetic fi eld and RF pulse sequences sometimes 
cause a notable rise in temperature from interactions with the PET system itself due 
to eddy currents, or even with the object being scanned. A temperature compensa-
tion mechanism should be incorporated in the PET electronics to deal with tempera-
ture drifts. PET electronics generate noise that can be picked up by the sensitive 
receivers in the MRI system. This is particularly true if there is a clock frequency 
running in the PET electronics to supply a timing signal. The frequency of this clock 
must be different from the MRI’s fundamental or harmonic frequencies because the 
receivers are tuned specifi cally for this frequency and therefore, are particularly 
sensitive in this range. In our experience, the difference between 100 MHz and 
105 MHz can be crucial for a 400 MHz (9.4 T) MRI system in terms of the signal-
to- noise ratio of the MRI images.  

5.2     MRI Spectroscopy with PET 

 Figure  15.25  shows a specifi c potential application of our hybrid PET/MRI system 
in a small-animal model. This mouse study illustrates how MRI spectroscopy, which 
can image fl ux rates throughout the tricarboxylic acid (TCA) cycle, when combined 
with PET, will afford a temporal correlation that is critical in meaningfully compar-
ing these two functional datasets.

5.3        MRI Dynamic Domain Compared to PET Dynamic Domain 

 One interesting aspect of combining PET with MRI is the comparison of their time 
domains. The quality of a PET image mainly rests on the number of counts in it. 
It makes little difference if those counts are acquired over a few seconds or over sev-
eral hours (neglecting deadtime considerations). MRI, on the other hand, has relatively 
constant signal and the accessible time-domain depends on the strength of the magnet, 
the pulse sequence used and, the relaxation constants of the environment. 

 One advantage of MRI is that an indefi nite number of repeat studies can be done, 
so longitudinal studies are easy. On the other hand, for such studies in PET, with its 
short-lived positron emitters, usually necessitates two, three, or more injections of 
the radiotracer. 

 Under the right conditions the temporal information gained from PET can be 
closely correlated with the information from MRI. As an example of this, the study 
of brain function in small animal models requires both the localization of neural 
activity and the time sequence of the activation. Neuronal activation consumes 
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oxygen [ 76 ]. After neural activation (particularly in the cerebral cortex), an increase 
in blood fl ow produces an infl ux of oxygenated hemoglobin. This infl ux reduces the 
local concentration of deoxygenated hemoglobin (deoxyhemoglobin). This effect is 
called the hemodynamic response (HR). This reduction can be measured using 
BOLD fMRI (blood oxygen level-dependent functional magnetic resonance imag-
ing) [ 77 ], which now is the most popular method in functional magnetic resonance 
imaging (fMRI) and serves as one of the major experimental methods for analyzing 
neural function. However, vascular processes take at least an order of magnitude 
longer time than the underlying functional activation. The time-to-maximum of a 
HR due to a transient stimulus is typically delayed by 5–8 s and dispersed by 3–4 s. 
Oxygen-15 and PET can be used to correlate with the BOLD signal. This is a rela-
tively new area, but promises to give new insight into neural activation. Oxygen-15 
studies have been used extensively for the analysis of stroke in humans [ 78 ] although 
the possibility of doing both PET and MRI simultaneously will add a new dimen-
sion to these studies.  
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  Fig. 15.25    Hyper-polarized  13 C-MRS in mouse-tumor imaging. Color maps representing 
[1- 13 C]-lactate and [1- 13 C]-pyruvate peak intensities and spectra from the tumor and a blood vessel 
(indicated by  arrow ) in mouse treated with an etoposide (chemotherapeutic agent). The  1 H images, 
shown in grayscale, were used to defi ne the tumor’s margins (indicated by  white lines ). Reprinted 
with permission from Day et al. [ 75 ]       
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5.4     Preclinical and Research Applications 

 Imaging protocols are currently under development where MRI and PET are used in 
conjunction either to monitor the same physiological parameter for cross- validation, 
or to monitor different stages of metabolic activity and thus, different targets. 
We give examples of these types of investigations below. 

 A goal of neurophysiology is connect behavioral results with observables of 
non- specifi ed or background mental functions, like awareness. The successes of 
PET and fMRI in non-invasively localizing sensory functions encouraged research-
ers to transform the subjective concepts of cognitive psychology into objective 
physical measures. Experimental results are interpreted in terms of fl exible defi ni-
tions of both cognitive concepts and the degree of localization. New approaches 
may connect measurements by fMRI,  13 C MRS, and PET of brain energy with 
observable behavior or more elusive parameters such as awareness. A sensory stim-
ulation experiment could show whether the degree of localization found in BOLD 
signals is related to the global energy of the brain, which, when manipulated by 
anesthetics, will affect the degree of awareness. The infl uence of brain energy upon 
functional imaging maps is changing the interpretations of neuroimaging experi-
ments [ 79 ]. Gerstl et al.’s study [ 80 ] is another example of correlating the regional 
distribution patterns of transmitters and the observable functional fi elds of the brain 
using fMRI and PET. They found that the distribution pattern of the major inhibi-
tory serotonergic neurotransmitter-receptor, the 5-HT1A subtype, measured by PET 
is associated with the functional organization of the primary and secondary visual 
cortex defi ned by retinotopic mapping with fMRI. This work demonstrated study 
showed that multimodal neuroimaging combining PET and fMRI can clarify the 
relationship between the distribution of neurotransmitter receptors and functional 
specialization in human cortical areas in vivo. 

 One exciting area for combining PET and MRI is the ability to carry out func-
tional and morphological imaging simultaneously. A specifi c example is employing 
advanced MRI techniques, such as diffusion tensor imaging (DTI), to delineate 
nerve tracks and correlate this with PET activation of nerve cells. This approach was 
used to demonstrate the invasion of tumor cells into pyramidal tracts and relate this 
information to the uptake of the PET tracer  18 F-fl uoroethyl- L -tyrosine that measures 
cell proliferation [ 81 ]. Such data could prevent the destruction of important struc-
tures through more precise preoperative planning. 

 As another similar example of the complementary nature of PET and MRI is in 
ischemic stroke, where diffusion-weighted (DW), and perfusion-weighted (PW) 
magnet resonance imaging (MRI) are used to defi ne the therapeutic target as the 
mismatch between the two volumes. Positron emission tomography (PET) can 
quantify the metabolic patterns of tissue compartments identifi ed using this MRI 
technique. In one such study, the mismatch area did not reliably detect elevated 
Oxygen Extraction Fraction and overestimated the penumbra defi ned by PET [ 82 ]. 

 Oxygen-15 labeled water imaging has become the gold standard for assessing 
cerebral blood fl ow (CBF). A new technique, arterial spin labeling (ASL), makes 
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it possible to measure CBF accurately with MRI without using contrast agents. 
In ASL, arterial blood water is fi rst magnetically labeled just below the region 
(slice) of interest by applying a 180° radiofrequency (RF) inversion pulse which 
inverts the net magnetization of the blood water. After a period of time (called the 
transit time), this ‘paramagnetic tracer’ fl ows into the slice of interest where it 
exchanges with tissue water. The inverted spins carried with the blood coming into 
the volume of interest reduce total tissue magnetization. During this time, an image 
is taken (called the tag image) which highlights the change. The primary advantages 
are that completely noninvasive, absolute cerebral blood fl ow (CBF) measurements 
are possible with relative insensitivity to permeability, and that multiple repeated 
measurements can be obtained to evaluate one or more interventions or to perform 
perfusion-based functional MRI [ 83 ]. In one study, three patients with epilepsy and 
tuberous sclerosis underwent brain MRI with ASL and positron emission tomogra-
phy (PET). The results were closely correlated with each other and with electro-
physiological data [ 84 ]. Chen et al. [ 85 ] compared cerebral blood fl ow changes 
(ΔCBF) measured with fl ow-sensitive alternating inversion recovery (FAIR) ASL 
perfusion method to those obtained using H 2  15 O PET, the current gold standard for 
in vivo imaging of CBF. They imaged a group of healthy volunteers under identical 
conditions to study changes in regional and global CBF during fi ve levels of visual 
stimulation and one level of hypercapnia. The CBF changes were compared using 
three types of region-of- interest (ROI) masks and found to be closely correlated [ 85 ]. 

 There is some correlation between the size of the hippocampus and the develop-
ment of Alzheimer’s disease. Recently, a PET compound was developed and pat-
ented by researchers at the University of Pittsburg (Pittsburg Compound B or PIB) 
that apparently is a marker for amyloid plaque. One study aimed at relating the size 
of the hippocampus, the uptake of PIB, and the degree of cognitive impairment in 
an older population [ 86 ]. This study gives a preview of how anatomical detail as 
measured by MRI can be correlated with activation, enzyme concentration, or other 
measures physiological processes to give a clearer correlation between structure 
and function. 

 In a further application of simultaneous PET/MRI images, obtained with the 
Tubingen system, of the uptake by a mouse colon carcinoma [ 40 ] revealed selective 
uptake in its viable regions compared with degenerate areas (Fig.  15.26 ).

   The corresponding MRI images also show increased contrast uptake in the viable 
regions of the tumor, while, at the same time, providing high-resolution structural 
information. Hence, the combination of PET/MRI accurately localizes the viable 
region versus regions with infl ammation or necrosis on the tumor.  

5.5     Multimodality Probes 

 Based on the discussion, it is clear that the total information that is obtained using 
PET and MRI simultaneously is greater than the sum of the parts. For PET and MRI 
probes to be truly simultaneous, they must have identical pharmacodynamic 
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  Fig. 15.26     Top row : F18- FLT PET image of colon carcinoma uptake.  Middle row : corresponding 
T1-weighted MRI image.  Left : pre-contrast enhanced MRI.  Right : post-contrast enhanced MRI. 
 Bottom row : fused PET/MRI image. Reprinted with permission from Judenhofer et al. [ 40 ]       

properties. Multi-modal contrast agents and imaging probes under development 
will help solve this problem [ 87 ]. Despite the great wealth of information that such 
probes provide, their development is far from trivial, representing an important 
challenge to synthetic chemists [ 88 ]. An example of a multimodal probe based on a 
MRI active nanoparticle is shown in Fig.  15.27 .

   These probes may be made sensitive to other modalities, such as optical, by 
attaching the appropriate molecule to the nanoparticle. Disease processes often can 
be identifi ed by altered molecular profi les and/or cell behavior before to anatomic 
alterations can be visualized. The more we learn in this regard, the more this seems 
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to be a general phenomenon. Insight into these processes could potentially allow (1) 
the early detection of disease, (2) more accurate prognoses and personalized treat-
ments, (3) the ability to monitor the effectiveness of therapeutic treatments, and, (4) 
improvements in our understanding of how cells behave and interact in their intact 
environment in living subjects. Molecular imaging with PEt already has profoundly 
affected our understanding in preclinical and clinical areas including cancer research 
and many aspects of neuroscience. MRI is in its early stages of moving from struc-
tural and functional imaging to molecular imaging, but this and requires consider-
able development. The combined use of PET and MRI with these proposed 
multi-modality imaging agents could be extraordinarily valuable in advancing our 
understanding of cellular pathophysiology. 

 Nanoparticles may not only provide sensitive and specifi c imaging information 
in cancer patients, but also selectively deliver anticancer drugs to tumor sites [ 89 – 91 ]. 
There are examples of using nanoparticles as drug delivery agents [ 92 ,  93 ]; more 
recently, magnetically guided nanoparticles have been used to deliver therapeutic 
drugs to the specifi c areas [ 94 ]. Although the feasibility of using targeted magnetic 
iron oxide nanoparticles (MINO) for tumor imaging and therapy is demonstrated, 
methods and strategies to produce tumor targeted imaging probes with a high speci-
fi city and sensitivity still are greatly needed [ 95 ,  96 ]. The added benefi t of using 
nanoparticles for therapy requires that the therapeutic drug stays attached to the 
nanoparticle until it reaches the desired site. After two decades of effort, iron 
oxide nanoparticles have become a powerful platform, but are not yet in widespread 
use clinically [ 96 ]. There are questions about how to optimize the nanoparticle-
therapeutic drug constructs for delivering the drug to the tumor site and how mag-
netic direction might be optimized for delivery using magnetically directed drug 
constructs. By combining the MRI visualization of these nanoparticles with the 
ability to quantify the concentration of the nanoparticles with PET, we have a pow-
erful tool for investigating the fate of these nanoparticles. Labeling the therapeutic 
drug with a PET tracer and following the uptake of the nanoparticle with MRI, 
allows us to visualize clearly the fate of the drug versus that of the nanoparticle as 
they dissociate in vivo. It will be possible to label a magnetically active nanoparticle 
in the core and observe the loss in signal as the nanoparticle changes its magnetic 
properties over time in vivo, while concurrently tracking the total number and 
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  Fig. 15.27    Multimodal nanoparticle suitable for simultaneous PET and MRI imaging       
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distribution of iron atoms from the nanoparticles using the PET signal, which 
remains sensitive to the iron regardless of its chemical form. 

 Various biological molecules attached to nanoparticles have been used in vitro 
and in vivo. To date, studies showed that the polymer-coated nanoparticles have 
minimal impact on cell viability and function. Examples include:

•    Monoclonal Antibodies. Two initial approaches were to conjugate dextran- 
coated particles to internalizing monoclonal antibodies and the HIV-tat-peptide. 
In the fi rst case, the particles end up in the cell in small vesicles or endosomes, 
and, in the second case in the nucleus.  

•   Stem Cells. Using stem cells as delivery vehicles opens up the opportunity for 
targeting therapeutic proteins to the damaged or degenerating central nervous sys-
tem. Most cellular imaging studies to date were conducted in disease models of 
the central nervous system (CNS); recently, the infarcted heart received attention.  

•   Cell Migration and Cell Traffi cking. There are several examples of MRI imaging 
of cell migration following transplantation in the CNS.  

•   Transfection Agents. Another interesting area is employing iron-oxide nanopar-
ticles coated with a transfection agent (TA). TAs usually are positively charged, 
bind rapidly to negatively charged cell membranes, and can shuttle associated 
macromolecules (i.e., oligonucleotides) into cells. The same concept applies for 
the intracellular delivery of SPIO particles.    

 We will be able to quantitatively map the dynamics of these molecular imaging 
probes, and measure their fi nal concentrations. There is a difference in scale of the 
two types of imaging agents. Iron-based MRI contrast agents usually require about 
50–100 μmol of iron per kilogram of body weight to give good semi-quantitative 
images, while PET tracers usually need about 1 nmol of tracer per kilogram of body 
weight. By using the two in conjunction, we gain the sensitivity and quantitation of 
the PET tracer, while using the anatomical sensitivity of the MRI agent to obtain 
their precise location and volume so that the PET images can be corrected for 
partial- volume effects in small structures.   

6     Summary 

 The instruments and applications of PET combined with MRI are just beginning to 
scratch the surface of what is achievable with multi-modality imaging. The ability 
to view a metabolic or physiological process from several vantage points simultane-
ously gives us a new perspective in understanding nature. We believe PET/MRI is a 
cornerstone of these new developments. Even more modalities, such as optical, and 
ultrasound techniques might well be combined with PET/MRI, and undoubtedly 
will be valuable research tools for pre-clinical human and small-animal research in 
the near future.     
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1            Motivation 

 Whereas interpreting functional and molecular data under anatomical cognizance as 
provided by CT or MRI offers a number of advantages, combining two molecular 
imaging modalities such as PET and optical imaging (OI), the latter comprising 
bioluminescence imaging (BLI), fl uorescence mediated imaging (FMI), and possi-
bly fl uorescence mediated tomography (FMT), seems, at fi rst sight, not very instinc-
tive. However, there are a number of potential applications specifi cally in drug 
research and development such as translational study design or coadjutant pharma-
cokinetic modeling that could make use of fully integrated, time-resolved dual- 
modality PET-OI instrumentation. At the time of writing (2011), instrumentation 
development for in vivo imaging is still in its infant stage and—given the general 
limitation of light distribution in tissue to small volumes because of high scattering 
of light photons and, hence, given the complex inverse problem involved in three- 
dimensional tomographic image reconstruction with solutions not easily to be found 
in heterogeneous media—research is focused primarily on preclinical application to 
small animals (mice in particular). This chapter provides a review on the current 
state of dual-modal integration concepts including proposed and working systems 
respectively for small animal PET-OI through classifi cation of approaches as 
reported in recent literature into the following instrumentation categories:

    1.    possible system approaches embodied through modular combination of 
sub-modalities;   

   2.    a bi-modal system that use mirrors to defl ect optical photons from the multi- 
energetic photon fl ux for external detection outside the fi eld-of-view (FOV) of 
the PET system;   
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   3.    a system proposal employing a single photon sensor for detecting both high- 
energy (PET) and low energy (optical) photons;   

   4.    a fully-integrated system utilizing light detectors that are mounted directly in 
front and within the FOV of PET detectors.     

1.1     Reasoning for Multimodal Molecular 
Imaging Techniques 

 Identifi cation and selection of appropriate molecular targets (genes, proteins) is key 
prerequisite not only for the target being a critical component within the molecular 
pathway but also for it to be both a qualifi ed target for molecular imaging and a 
potential candidate for therapeutic drug development. Once a target is selected it 
needs to be brought in contact with an imaging probe, employed to carry signal infor-
mation from the target in vivo to the externally positioned imaging sensor. While 
there are various crucial criteria [ 1 ] that must be met when designing and applying 
imaging probes in order to effectively monitor specifi c molecular targets in living 
systems appropriate imaging instruments with high sensitivity and spatial (also tem-
poral) resolution need to be available to detect the probe. However, as of today it is 
rather diffi cult to satisfy all criteria while only relying on a single imaging modality 
for intrinsic reasons (cf. Table  16.1 ). Moreover, various imaging modalities provide 
usually complementary diagnostic information. This holds not only for combining 

    Table 16.1    Imaging considerations when employing positron and optical imaging modalities in 
small animals   

 PET  OI 

 Particle cross-section  Scatter ≪ attenuation  Scatter ≫ attenuation 
 Spatial resolution  ca. 1 mm  Depth dependent 
 Temporal resolution  Seconds to hours  Seconds to days 
 Tissue penetration  Unlimited, whole body  Limited to few cm 
 Detector complexity  High (energy conversion)  Simple, high resolution 
 Image reconstruction  Fully 3D  Possible 
 Quantitative imaging  Yes  Possible (FMT) 
 Labeling probe  Direct/indirect  dir./indir./activatable 
 Detection sensitivity (mol/L)  10 −10  to 10 −12   10 −15  to 10 −17  (BLI) 

 10 −9  to 10 −12  (FMI) 
 Background  Moderate to high  Low (BLI) 

 Moderate (FMI) 
 Mass quantity  ngrams  μ/mgrams 
 Translational application  Yes  Very limited 
 Radiation hazard  Yes  No 
 Chemical synthesis  Complex  Straightforward 
 Cost per study  High  Low 
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high-sensitivity functional/molecular imaging (PET, OI) with high- resolution 
anatomical imaging (CT, MRI). Rather, it has also been demonstrated in a number of 
research studies that combining two (or even three) molecular imaging modalities 
can help to improve the diagnostic value of either single approach, or might have 
advantages in study accomplishment.

   Comparing PET versus OI strategies, PET has the advantage of increased resolu-
tion and quantitation, lack of attenuation and absorption artifacts, and tomographic 
fully three-dimensional data representation. Conversely, bioluminescent optical 
imaging (of reporter gene expression, in particular) has frequently been more sensi-
tive, is less expensive, more convenient, and more “user friendly” than PET imaging 
of the same target. Table  16.1  summarizes and compares various important aspects 
of PET and optical imaging when intended for applications in small animals. 

 There is a large difference in temporal resolution between the life times of the 
PET and optical probes. Whereas positron emission is representing a decay pro-
cess—most radioisotopes as used for preclinical PET such as  18 F or  11 C have relative 
short half-lives, the optical signal can be detected even after several days or weeks 
after administration of the light generating substrate, and, very importantly, light 
emission can be activated or deactivated by various stimuli. This difference in time 
kinetics can be used, e.g., to perform longitudinal studies in which the PET probe is 
being evaluated for early probe distribution analysis while variations in the optical 
intensity can be observed at later time, for instance, to monitor therapy effi ciency in 
the target tissue. 

 If multimodal imaging is carried out to monitor  multiple  molecular targets simul-
taneously, in this context by means of optical imaging and PET, then their might be 
the desire to acquire data simultaneously utilizing instrumentation as described in 
this chapter. If, however, a  single  molecular target is to be monitored by multiple, 
possibly fused imaging probes, or if a study is being carried out with the objective 
to cross-validate one imaging probe by another, amongst other study objectives, 
then fully integrated imaging instruments (with superimposed fi elds-of-view) might 
be obligatory. The same desire for simultaneous imaging—at least while cross- 
validating one sub-system for in vivo imaging against the other—might also hold 
when a probe is to be replaced with another probe of the complementary modality 
to produce an equivalent target signal because, e.g., replacing a radionuclide with a 
fl uorescent dye might alter the in vivo probe distribution or rate of uptake on the 
target site. Another argument for multimodal molecular imaging lies in the fact that 
no single reporter gene probe system meets all molecular imaging criteria in an 
optimal fashion at present, being it related to probe design such as the ability to 
cross inherent biological barriers that would prevent a probe to reach its intended 
target, metabolic probe instability causing insuffi cient absorption and excretion, or 
probe accumulation in the target to establish image contrast, or being it related to 
physical and mathematical considerations such as for instance posing potentially 
advantageous constraints on optical image reconstruction strategies, e.g., by means 
of prior information from the spatial distribution of the PET probe after respective 
image reconstruction.  
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1.2     Multimodal PET-OI Probes 

 Most approaches in the fi eld of in vivo molecular imaging aimed for visualization 
and quantitation of gene expression rely on the concept of reporter genes [ 2 – 5 ]. 
As of today, reporter gene imaging systems have been developed especially for optical 
[ 2 ,  6 ] and radionuclide [ 7 – 9 ] applications 1  (Table  16.2 ).

   Recently, several groups have started synthesizing multimodal probes, incorpo-
rating a variety of modalities [ 24 ]. In fact, whereas combined  imaging instruments  is 
still in the research phase of development, utilizing multimodal  imaging probes  has 
been reported various times even though these fused multimodal probes were imaged 
sequentially in most cases. Instead of applying two different imaging agents that are 
distributed differently within the organism, true multimodal probes possess the sig-
naling moieties for    the two imaging systems into one molecule (monomolecular 
multimodality imaging agents). Such unique probe design ensures that both signals 
emanate from the same origin, allowing for the fusion of contrast data. Amongst the 
spectrum of multimodal probes fusion of nuclear and optical methods is still the less 
frequently used multimodal imaging strategy, as compared to MRI-OI [ 25 ]. Of the 
probes developed for PET-OI dual (or even triple, PET-FMI-BLI) imaging, many 
have been tested and have now been applied in vitro and in small animal imaging 
[ 26 ]. In the following, a short overview on some recent developments is assembled. 

 Detecting reporter gene expression is one of the fi elds in which small PET radio-
nuclides combined with bioluminescence has proven very useful. Two reporter 
genes, mutant herpes simplex virus type 1 thymidine kinase (HSV1-sr39tk) and 
renilla luciferase (rl) which had been used many times in separate studies were 
fused together with a 20 amino acid long spacer sequence to form a single vector in 
order to study gene expression patterns in cancer development [ 27 ]. In that report, 

1   Fewer implementations have been reported for MRI/ MRS [ 4 ] such as for tyrosinase, arginine 
kinase, creatinine kinase, or β-galactosidase target proteins. Also, there are target proteins that can 
be imaged with SPECT. 

   Table 16.2    Examples of reporter gene imaging systems employing positron and optical imaging 
modalities   

 Target protein  Modality (ligand/substrate) 

 Thymidine kinase  PET (FIAU, ganciclovir, penciclovir, FHPG) [ 10 ,  11 ] 
 Cytosine deaminase  PET (cytosine, fl uorinated prodrugs) [ 12 ,  13 ] 
 Somatostatin receptor  PET (peptides) [ 14 ,  15 ] 
 Dopamine–2 receptor  PET ( 18 F spiperone) [ 16 ,  17 ] 
 GFP  OI (−) [ 18 ,  19 ] 
 Luciferase  OI (luciferin) [ 20 ,  21 ] 
 Protease  OI (quenched fl uorescent molecules) [ 22 ,  23 ] 
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the HSV1-sr39tk contained an FBDG tag and the rl contained the bioluminescence 
tag, coelenterazine. Chimeric fusion genes or bicistronic vectors monitored by PET 
and FMI [ 28 ] and by PET and BLI [ 29 ] have also been utilized for noninvasive 
imaging of reporter gene expression. In [ 30 ], cationic lipid-mediated monitoring of 
reporter gene expression of fl  and HSV1-sr39tk in mice was also demonstrated. 
Multimodal reporter genes were also imaged in [ 31 ] in a breast tumor model. 

 Ottobrini et al. developed a cellular model for BLI (fl ) and dopaminergic D2 
receptor PET imaging for the assessment of estrogen receptor activity in vivo in a 
breast cancer model [ 32 ]. In vitro studies showed that the vector was effi cient in 
coordinating the expression of the two genes. Moreover, stably transfected cells 
implanted in recipient animals maintained their capacity to express the reporters 
and reacted to systemic treatments, permitting the in vivo study of estrogen respon-
sive activity by both PET and BLI imaging. Brader and colleagues [ 33 ], imaged 
bacteria using radiotracer and optical imaging techniques. 

 Various groups extensively investigated multimodal imaging strategies to ana-
lyze the molecular pathways of cancer initiation and progression and drug therapy 
in living subjects [ 34 ]. Fusion reporter genes encoding for fusion reporter proteins 
have found particularly promising for molecular imaging in that fusions between a 
fl uorescent and a PET reporter protein can be adopted to translate information from 
a single cell in vitro to living animals in vivo, possibly at fully tomographic manner 
[ 35 ]. Even though fl uorescence imaging can be tomographic, it has lower sensitivity 
than bioluminescence imaging and might be hampered by autofl uorescence. 
Bioluminescent reporter genes on the other hand have emerged as a very sensitive 
detection tool for small animals. Ray and colleagues have therefore proposed triple- 
modality fusion proteins encoded by fusion reporter genes composed of a biolumi-
nescent (rl enzyme), a red fl uorescent (mRFP1 protein), and a PET reporter gene 
(HSV1-sr39tk enzyme) for bridging imaging gene expression from single cells to 
whole living animals with high sensitivity [ 36 ,  37 ]. This reporter vector has been 
used to identify cells in histological sections, to sort cells in the fl ow cytometer, to 
image reporter gene expression in living animals by BLI, and to noninvasively 
image reporter gene expression by PET. By imaging tumor xenografts in living 
mice, linear correlation of the signals from each component with all three modali-
ties was found in all studies. In [ 38 ], the authors also monitored caspase-3 activation 
for which they synthesized a modifi ed trimodal reporter gene construct that was 
fused through a caspase-3 recognizable polypeptide linker. Following induction 
with staurosporine, a signifi cant increase in mRFP1, fl , and tk activity in 293 T cells 
was observed quantitatively through various normalization approaches verifying 
satisfactory correlation between the imaging signals. In another study, Ponomarev 
et al. have built two triple-modality reporter gene systems for whole-body fl uores-
cent, bioluminescent, and nuclear imaging (both SPECT and PET) [ 39 ]. 

 In all studies involving BLI, the bioluminescence signal was detected at a much 
higher sensitivity than that of HSV1-sr39tk resulting in the detection of a fewer 
numbers of cells with the OI approach compared to the PET approach. The presence 
of the PET reporter gene in the fusion protein, though, enabled tomographic visual-
ization of reporter gene expression. Hence, a dualmodal PET-OI strategy provides a 
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unique approach of validating novel approaches in small animal models with a very 
low number of cells, while ultimately translating the approach to clinical use. 

 A multimodal imaging agent has also been designed for the somatostatin recep-
tor [ 40 ]. Here, reporters for both optical (via the near-infrared (NIRF) fl uorescent 
dye cypate) and PET ( 64 Cu) have been incorporated into a single molecule. In this 
study, however, the anticipated receptor-mediated accumulation in target tissues was 
not observed but there was excellent agreement between the optical and radiochemi-
cal biodistributions. Similar studies using a cys-tag for imaging of vascular endothe-
lial growth factor (VEGF) receptors utilized the NIRF dye Cy5.5 and a  64 Cu-DOTA 
(1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid) unit for PET imaging 
[ 41 ]. Both probes retained VEGF activities in vitro and showed specifi c focal uptake 
in the vasculature of tumours and surrounding host tissue in mice. The fl uorescence 
contrast agent exhibited long-term persistence and co-localized with endothelial cell 
markers, indicating that internalization is mediated by the receptors. 

 Further, it has been demonstrated that cationic amphiphilic drugs (CADs) can be 
labelled with  11 C coupled with the incorporation of a small organic fl uorophore e.g. 
derivatised spiperone, a CAD and doperminergic ligand [ 42 ]. The small fl uoro-
phores are very advantageous because their lower molecular weights suppress tag 
distortion effects and allow crossing of biological interfaces such as the blood–brain 
barrier. With such approach, a chemically identical molecule was used to image 
drug binding in ex vivo cell lines and thin tissue sections whereas the positron- 
emitting equivalent could be visualized in vivo. 

 In recent years, quantum dots (QD) have been designed as optical probes for a 
number of biological systems [ 43 ,  44 ]. QDs are nanoparticulate clusters of semicon-
ductor material possessing quantum confi nement effects, that is, their optical proper-
ties are controlled by their size, rather than their composition, which makes them 
very useful optical imaging agents because of the ability to vary their emission spec-
tra. Even though QDs are of great interest for their imaging capabilities, solubility 
and toxicity issues are potential problems which need be addressed prior to in vitro 
and in vivo biological applications. While most applications of QD probes are 
focused towards optical (and MRI) imaging, an increasing share of multimodal 
probes has been introduced very recently. VEGF receptor on tumor vasculature was 
assessed by an amine-functionalized QD conjugated with VEGF protein and DOTA 
chelator for VEGF receptor-targeted PET ( 64 Cu-labeled) optical (NIRF) imaging 
[ 45 ]. This study has been performed to examine the quantitative capability of the OI 
method which—in contrast to PET—could only maintain qualitative results, mainly 
because of limited tissue penetration and heterogeneous tissue constitution. Another 
QD approach has been reported in [ 46 ] in which a CdTe QD with an amine- 
functionalized surface has been modifi ed with arginine-glycine-aspartic acid (RGD) 
peptides and DOTA chelators for integrin α v β 3 -targeted PET-NIRF imaging. Linear 
correlation was obtained between the in vivo PET results and those measured by 
ex vivo OI and tissue homogenate fl uorescence. Although this study focused on sen-
sitivity, targeting effi cacy, quantifi ability and toxicity issues with regard to the QD 
probe, an interesting problem of the PET modality has been revealed by the authors 
in that the tumor-to-background ratios were similar in both the NIRF and PET 
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images except for bone marrow uptake which was signifi cantly higher measured by 
OI than measured by PET. The reason likely can be contributed to the partial-volume 
effect of the PET system. It might be worth noting that the polyvalent nature of these 
multimodal nanomaterials can potentially be further exploited by normalizing the 
differences in the detection sensitivities of the different signals which could be 
achieved by adjusting the quanta of the signaling probes. 

 To deduct an overall conclusion for all presented studies, there is a commonly 
expressed hope in that dualmodal PET-OI systems should provide the convenience 
and sensitivity of OI (particularly BLI) merged with the resolution, quantifi cation, 
and three-dimensional properties of PET. Prerequisite, though, is the availability of 
dualmodal PET-OI instruments. Further, using a single fusion reporter (PET-OI 
compatible) gene should accelerate the validation of reporter gene approaches 
developed in cell culture for translation into preclinical and clinical models. Another 
advantage of the PET-optical probe approach is the ability to accurately quantify 
light intensity in vivo. So, undoubtedly, any multimodal imaging approach helps to 
better understand each individual imaging modality involved. The multimodal 
approach also provides a link between high-throughput analysis, preclinical research 
and clinical studies. Taken all these aspects together, it is essential to understand 
which molecular probe or which imaging technique is best suited for molecular 
imaging of a specifi c molecular process in a specifi c fi eld of application, being it 
related to oncology, neurology, pharmacology or pathophysiology.   

2     Instrumentation Concepts 

 As multimodal radionuclide-optical probes where proposed and investigated using 
conventional, that is, sequential imaging strategies as explained before, the need for 
integrated instruments became obvious immediately. Consequently, a number of 
research groups started investigating possible instrumentation approaches for simul-
taneous imaging of optical (bioluminescence, fl uorescence) and radioisotope 
(SPECT, PET) probes. Compared to the established clinical and by now success-
fully scaled down preclinical modalities, optical (tomographic) imaging in small 
animals is, in comparison, a very young discipline that did not have prior clinical 
heritage. Hence, various approaches towards quantitative data analysis or towards 
three-dimensional image reconstruction of optical probe distributions in heteroge-
neous media are intensely investigated at the time of this writing [ 47 – 51 ]. 

 For investigating nuclear medicine instrumentation, Monte Carlo (MC) simula-
tion has long been demonstrated of high value for understanding the complex phys-
ical and technological aspects of high-energy photon transport and detection 
[ 52 – 55 ]. Because of the more diffi cult approximation of light propagation in tissue 
(as compared to keV-photon distribution), MC simulation seems to carry an even 
higher value as a potent research tool for understanding, investigating and improv-
ing light- mediated imaging, particularly towards a more complete understanding of 
tissue optics with respect to the inverse relationship between measured light fi eld 
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and tissue optical properties. Therefore, various MC simulation approaches and 
algorithms for light transport have been proposed [ 56 – 63 ]. In [ 64 ] a MC algorithm 
was developed for fully integrative simulation of optical (eV) and isotopic (keV) 
photons. This code has been involved in a number of radioisotope-optical instru-
mentation studies [ 69 ]. MC-based investigation of dualmodal PET-OI imaging 
instrumentation has also been carried out in [ 65 – 67 ]. 

 The concept of MC simulation is mentioned here because most of the instrumen-
tation concepts as described in the following sub-sections have been initially, or in 
parallel, investigated through visualization and validation of ideas utilizing this 
mathematical tool. Once these ideas carried enough potential towards further aca-
demic investigation prototypes were built in some cases. As of today, though, there 
are no integrated PET-OI instruments commercially available to the best knowledge 
of this author. 

2.1     Complementary Integration Concepts 

 The most straightforward approach of dualmodal PET-OI probably is embodied by 
means of a modular instrumentation setup in which dedicated PET and optical cam-
eras (including light sources for fl uorochrome excitation) are located in close proxim-
ity whereby the imaged animal is placed on a support that has mounting clamps 
compatible with both imaging systems. In this case, the animal conceptional is 
imaged sequentially, though at very short time gap between the data acquisition runs. 2  
Because the animal is restrained on the holder, and the holder might be equipped with 
fi ducial markers, data registration can generally be readily performed. 

 Complete integration enabling  simultaneous  data acquisition can be achieved 
only when both cameras image the object simultaneously, requiring that the sub- 
system share identical fi elds-of-view during the entire imaging acquisition process. 
Figure  16.1  illustrates three feasible dualmodal PET-OI concept studies that consist 
of (micro)PET modules in which one or more optical cameras are integrated to 
detect optical photons.

   Figure  16.1a  shows a combination of a dual-head coincidence PET system with 
two integrated light cameras. In order to acquire tomographic data the gantry (not 
shown) holding the four detectors rotates at 180° single-step mode around the object 
during data acquisition. While temporal resolution is somewhat limited the advan-
tage of using planar PET detectors is that these, and both adjacent optical cameras, 
can be adjusted in their radius of rotation, respectively, in order to optimize detec-
tion effi ciency with different sized laboratory animals. In principle, this design 
could be extended toward arced detector block allocations, conceptionally compa-
rable to the PET design as proposed for a small animal PET-CT scanner [ 68 ]. 

2   This approach has been implemented by a number of companies for a multitude of instruments 
linking various modalities. 
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Figure  16.1b  illustrates a design in which a conventional micro-PET has been modi-
fi ed by replacing one or more PET detector blocks by one or more light camera 
modules. Replacing PET detector blocks essentially corresponds to a truncated data 
acquisition problem which can be compensated for within the image reconstruction 
algorithm of the PET data. The prune angular section for the given geometry of the 
central ring constitutes to 15.65° for the proposal as depicted. In a variety of simula-
tion studies that have been carried out in the author’s laboratory quantifi able trunca-
tion artifacts were little (static 2D PET) or not (rotational 3D PET) evident in the 
reconstructed data using standard maximum-likelihood expectation-maximization 
(MLEM) reconstruction. Due to the integrated optical camera the entire sensitive 
area is reduced by 1.45 % compared to a dedicated PET system of the same geom-
etry. Figure  16.1c  shows a combination of a tilted cylindrical PET system with an 
integrated tilted light camera. In this conceptual proposal, the PET detector rings are 
rotated by −8° and the optical detector is rotated by +18° whereby the degree of 
tilting is adjustable, depending on object size and imaging task. For the example 
given, the PET system is rotated at a lesser quantity because its spatial resolution is 
non-isotropic, i. e. it is higher axially than it is transaxially, and because its fi eld-of- 
view is axially limited, depending on the number of detector rings. Images acquired 
(and reconstructed) for both modalities could be corrected for the amount of camera 
tilt by simple numeric algebra. 

 In all conceptual system proposals illustrated in Fig.  16.1 , the PET and light 
detector blocks are mounted on a common gantry that is fully rotational around the 
imaging object’s long axis, as well as translatable along the long axis. The rota-
tional/translatable common gantry would allow for unconstrained arbitrary orbital 
positioning of the optical detector(s) and (not shown in the sketch) integrated net-
work of optical fi ber bundles which guide laser excitation light from an external 
multi-wavelength laser to the imaged object. For the cylindrical PET detector geom-
etry the fi bers could have their exit points at the cross sections of the detector block 
offsets at fi xed spacing. Individual fi bers can be activated arbitrarily, allowing for a 

  Fig. 16.1    Conceptual dualmodal PET-OI system layouts with identical fi elds-of-view: ( a ) dual- 
head coincidence PET system with two integrated optical detectors (OD), ( b ) cylindrical PET 
system whereby one PET detector block is replaced by an optical camera module, ( c ) tilted cylin-
drical PET system with an integrated tilted OD. In all designs, the sub-modalities (including light 
sources, not shown) are mounted on a common rotatable gantry       
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variety of laser excitation patterns. All these integrated imaging systems have been 
investigated in the author’s laboratory at German Cancer Research Center. They all 
seem to represent valid concepts for dualmodal PET-OI. However, because various 
multimodal small animal imaging instruments were proposed and developed in that 
lab—among those the PET-OI instrument as described in Sect.  2.3 —none of these 
concepts have been materialized. 

 Another dual-modal system for simultaneous PET and multispectral fl uores-
cence optical imaging, illustrated in Fig.  16.2 , has been proposed and constructed 
by Li and Cherry at the University of California, Davis. Intended for three dimen-
sional fl uorescence optical tomography (FOT), the authors employed a purposely 
manufactured truncated conical mirror allowing simultaneous viewing of the 
entire surface of the animal by an optical camera that is positioned outside of 
the fi eld-of-view of the PET system.

   The optical modality is laid out for multi-spectral emission data collection at ten 
wavelengths which is accomplished by a fast switching fi lter wheel. The conical 
mirror is made of aluminum and coated with silver and has an outside diameter 

  Fig. 16.2    Schematic of simultaneous PET and 3D fl uorescence optical tomography (FOT) imag-
ing system, where line pattern laser is used for the mouse surface extraction [ 71 ]       
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(155 mm) that is small enough to be inserted into the gantry of an existing microPET 
II scanner [ 70 ]. This conical mirror refl ects light towards (for arbitrarily focused 
fl uorochrome excitation) and away from the imaged object for simultaneous PET 
and 3D FOT imaging. With this conical mirror geometry, the CCD camera area is 
used more effi ciently and more emission photons are detected compared with the 
use of multiple fl at mirrors in a pyramidal confi guration. Excitation beam position-
ing is achieved by an x–y mirror scanning system. Because the thickness of the 
conical mirror is 10 mm in the built prototype instrument a fraction of the annihila-
tion photons is scattered and absorbed within it, causing a slight degradation in PET 
image quality. However, the thickness of the conical mirror might be reduced sig-
nifi cantly, lowering its infl uence on the high energy photon fl ux. For FOT imaging, 
an array of specifi cally shaped neutral density fi lters, mounted on a linear stage, is 
used to increase the system measurement dynamic range. Both PET and FOT phan-
tom experiments were performed, with a fused reconstructed PET and FOT image 
shown in Fig.  16.3 , to evaluate the effects of the conical mirror on PET imaging, and 
PET effects on FOT imaging.

2.2        Detector Concept Based on Single-Sensor Design 

 At the UCLA Crump Institute for Molecular Imaging, a conceptual design for a 
dual-modal PET-BLI imaging instrument, called OPET, has been proposed and 
investigated [ 72 – 75 ]. This concept is very innovative in its own in that a single 
(modifi ed) PET detector module is used to detect both the high-energy photons 

  Fig. 16.3    Fused 
reconstructed PET (hot wire 
scale) and 3D fl uorescence 
optical tomography 
( white-blue scale ) images 
showing a transverse 
reconstructed section with 
four radioactive/fl uorescent 
targets embedded in a cubic 
turbid medium [ 71 ]. PET and 
fl uorescence data were 
acquired simultaneously       
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created by positron annihilation as well as the light as emitted from bioluminescence 
sources. The OPET system is illustrated in Fig.  16.4a .

   The motivation of this concept is initiated by the fact that photomultiplier tubes 
(PMTs) do represent excellent light sensors. However, even in multichannel con-
struction PMTs possess much less spatial resolution than CCD or CMOS photon 
sensors. The particular PMT used in the prototype assembly is an 8 × 8 multichannel 
photo multiplier tube with a multi-alkali photocathode for improved quantum effi -
ciency in the red wavelength range. On the tube entrance window a specifi cally 
manufactured 8 × 8 array of optically isolated GSO crystal elements of 2 × 2 mm 
cross-section is attached. It is assembled in such way as to forming a conical shape 
side towards the imaged animal, as seen in Fig.  16.4b . This unusual crystal geome-
try is necessary because the crystal array serves also as light guide for the optical 
photons, in addition to its primary intended purpose as a scintillator for the interac-
tion of the keV-photons. However, in optical mode the light guide operates only 
when the imaged object is brought in contact with the crystal elements because the 
elements themselves do not defi ne an optically restrained fi eld-of-view. In contrast 
to scintillators as used in dedicated PET imaging, the crystal has no light–tight seal 
towards the imaged space in order to accomplish its function as a light guide of opti-
cal photons from the imaged object to the PMT while detecting optical probe light. 
In PET mode, the detector operates as a normal gamma-ray detector block. It should 
be noted that selection of a proper scintillation material crucially effects both 
modalities. In addition to the requirements for high-energy photon detection while 
operating in PET mode, the crystal needs to be transparent also for the whole optical 
imaging spectrum, preferably also the NIRF range. Fortunately, a number of crys-
tals suited for PET imaging such as GSO do have a fairly even transmission 
 effi ciency of about 70–75 % for a wavelengths above 600 nm up to NIRF range. 

 Initial measurement studies have demonstrated that the OPET design indeed sus-
tains very good sensitivity for optical photons. However, as there are no optical 
elements such as collimating lenses used for the coupling of optical photons, the 

  Fig. 16.4    ( a ) Illustration of an OPET detector ring showing individual detector modules [ 74 ]. 
Each module consists of a multichannel photomultiplier coupled to a specifi cally shaped scintilla-
tor array, ( b ), in which each crystal is optically isolated from the next       
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optical fi eld-of-view of individual optical detector channels cannot be separated 
well at a distance from the optical window. Thus, the imaged object needs to be in 
contact with the crystal around the entire perimeter, rendering its use in small ani-
mal imaging rather diffi cult.  

2.3      Encapsulated Integration Concepts 

 A novel instrumentation concept for optical tomographic imaging, rendered in 
Fig.  16.5 , is presented in [ 76 ,  77 ]. This optical imager is not only applicable for 
non- contact BLI and FMI/FMT but also for simultaneous multimodal PET-OI 
because the optical detector units have been designed to be very thin and rather 
translucent for high-energy photons. This optical tomopgraph consists of a hexago-
nal assembly of six microlens array based photon sensor detectors that completely 
enclose the imaged object circumferentially, forming an inner bore opening of 
60 mm. The individual detector fi elds-of-view merge at a radius of 25 mm yielding 
complete, untruncated coverage of cylindrical objects equal or less than 50 mm in 
diameter (mice). The overall size of the assembly—in particular the cylindrical 
imaging enclosure with an outer diameter of 125 mm—is small enough for integra-
tion with secondary imaging modalities, here with PET. This allows for concurrent 
multimodal data acquisition at identical fi elds-of-view. Besides, the optical system 
carries a number of advantages such as complete object coverage with improved 
dynamic coverage as compared to mirror-based, single camera setups.

Laser delfection mirrors, translatable (6)
Emission filters
retractable (6)

MLA detectors (6)

Diffusor light sources (6)

360° gantry

  Fig. 16.5    Rendering of a microlens-based tomographic optical imaging assembly. The outer 
diameter of the cylindrical housing measures 125 mm. This part is being incorporated for multi-
modal imaging into the bore of an appropriate PET       
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   A single optical detector unit of the tomographic imager illustarted in Fig.  16.5  
is depicted in Fig.  16.6 . To allow imaging of whole mice the active detector area has 
an effective area of 10 cm axially × 5 cm transaxially. A detector unit consists of 
four parts: a microlens array (MLA) intended for fi eld-of-view (FOV) defi nition, 3  a 
large area complementary metal oxide semiconductor (CMOS) chip for light detec-
tion, a septum mask for cross-talk suppression, and an exchangeable fi lter for wave-
length selection. The assembly of all parts allows for a very thin detector design 
yielding an effective complete detector thickness of less than 8.0 mm, including 
housing. The photon sensor is placed exactly at the focal plane of the MLA as deter-
mined by the uniform lens focal length. The gap between MLA and CMOS is fi lled 
out by the septum mask (400 μm hole diameter). Septum mask and the detector 
housing is cast from aluminum which causes a relatively low scatter und attenuation 
contribution for high-energy PET photons.

   All detectors are mounted on a common rotatable gantry. Adjacent to each detec-
tor (Fig.  16.5 ) six laser diode generated light beams can be projected at any axial 
position towards the imaged object for fl uorochrome excitation. Mechanically 
attached to the light beam assembly are retractable diffuser light fi bers used for 
large area illumination. These sources are also deployed for extracting a set of 
refl ectance images to be used for object surface reconstruction. Retractable fi lters 
can be moved in front of the detectors when fl uorescence meditated imaging is per-
formed. The imaged object is restrained inside a self-contained glass cylinder com-
partment of 45 mm in diameter that also provides mountings for ventilation and for 
miscellaneous monitoring equipment. Results of the application of this imager for a 
simple phantom experiment are shown in Fig.  16.7 .

3   An analogy for illustrating the purpose of the microlens array in this optical imaging application 
might be seen in the use of multi-hole collimators in high-energy detector physics such as in 
SPECT. 

Microlens array Photon sensor Septum mask

  Fig. 16.6    MLA-based optical detector designed for whole-body mouse imaging (photographed 
before anodization)       
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2.4        Summary and Outlook 

 Although the development of multimodality PET-optical imaging instruments is 
still in its infancy, signifi cant progress has already been made towards the develop-
ment of multimodality imaging probes. Recent advances in nanotechnology and 
imaging science have provided researchers with new tools for molecular imaging 
and it can be expected that nanotechnology-based multimodal probes will likely 
emerge and further drive the fi eld of multimodal imaging. 

 Combining radioisotopes with optical probes has broadened the range of available 
molecular imaging applications and will continue to do so. With this advancement 
comes also an inherent potential to improve the performance and applicability of 
either imaging modality. In all studies reported, multimodal imaging was found very 
effective. As time goes on, a seamless transition from fl uorescence/bioluminescence 
imaging in mice to nuclear imaging in patients might become a standard procedure. 

  Fig. 16.7    Phantom setup and results of the PET-OI instrument as shown in Fig.  16.5 . The CT was 
measured independently for illustrating the geometry of the Derenzo-type phantom, shown at  top 
left . Aside from the fi llable inclusions pattern the CT image also shows four small cylinder inclu-
sions that, in fact, are light sources (tritium gas fi lled phosphor-coated cylinders emitting light at a 
maximum wavelength of 525 nm). PET (reconstructed image at  top right ) and optical imaging has 
been performed simultaneously inside a Siemens Inveon small animal PET. The phantom inclu-
sions were fi lled with 12 MBq  18 F. All four light sources can be seen in the optical projection 
images (results from one detector at 24 angular gantry positions equally spaced around 360° are 
shown in the  lower two rows , detector acquisition time was set to 6.7 s, data acquisition was per-
formed at room temperature)       

 

16 Dual-Modality Preclinical PET-OI Concepts and Instrumentation



462

This transition further facilitates the cross-comparison and cross-validation of the 
results obtained by these various modalities in vitro, in situ, and in vivo. Such study 
strategy is of foremost desire because it sheds light into investigating the effective-
ness of individual molecular imaging modalities. In closing this section, the develop-
ment of multimodality noninvasive imaging probes will enable investigators to 
choose the imaging technology most appropriate to the biological problem under 
investigation, not the other way around.      
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1  Introduction

The field of molecular imaging finds its roots in nuclear medicine, which since its 
inception had a major focus on task-based optimization of image quality, and on in 
vivo quantitative assessment of metabolic and physiological parameters [1]. This 
standpoint reflects the limited spatial resolution and high noise characteristics of 
SPECT and PET compared to high resolution structural imaging modalities (CT 
and MRI), which provide exquisite anatomical details. The disparities between per-
formance characteristics of currently available scanners and their potential degrada-
tion with time can be delicate and tricky to put into evidence through qualitative 
visual interpretation. This has motivated the development of objective and repro-
ducible metrics to observe and adjust changes in system performance, for intercom-
parison studies as well as for quality assurance and quality control tasks. The use of 
molecular imaging in the assessment of metabolic and physiological parameters 
linked to specific diseases further motivated quantitative molecular imaging.

The quantitative potential of molecular imaging made it possible to measure in 
vivo different physiological parameters including but not limited to organ function, 
tissue perfusion, tracer biodistribution and kinetics, and many other physiological 
parameters that necessitate accurate quantification. Quantitative analysis provides a 
direct link between the time-varying activity concentration in organs/tissues and 
relevant quantitative parameters representing biological processes taking place in 
the same organs/tissues [2].

The rate of specific tracer uptake in a tissue, organ or organ system depends on 
many aspects including its rate of delivery, local biochemical reactions, physical 
half-life and biological clearance. Quantitative molecular imaging using  SPECT/
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PET considers all these factors to noninvasively provide a numerical estimate of 
discrete physiological characteristics of tissues or organs. Various physiological pro-
cesses can be quantified from such measures, for example the rate at which the brain 
or a tumor is metabolizing glucose, referred to as metabolic rate for glucose (MRGlc), 
usually expressed in micromoles of glucose/100 g of tissue/min. These measures can 
then be correlated to clinical outcomes such as tumor evolution or response to ther-
apy in such a way to relate disease physiology to its progression. These quantitative 
estimates can also serve as early surrogate endpoints in preclinical therapy trials.

Recent advances in dedicated small-animal imaging instrumentation enabled to 
contribute unique information in biomedical research [3]. Basic research laboratories 
focusing on molecular imaging-based preclinical research demand multiple compe-
tences, resources and trained personnel far beyond what is required to run clinical facil-
ities. These laboratories usually consist of multidisciplinary teams working in close 
collaboration to solve basic research questions through quantitative regional estimation 
of physiologic or pharmacokinetic parameters from dynamic radiotracer studies.

To take full advantage of the quantitative capabilities of PET imaging, subject- 
specific correction of background and physical degrading factors must be performed 
[4]. While most of these corrections are performed in clinical imaging using sophis-
ticated computational models, compensation for these effects is hardly considered 
in preclinical imaging where much attention has focused on physical performance 
of SPECT/PET scanners, namely the spatial resolution and sensitivity (see Chaps. 4 
and 5) and animal preparation (see Chap. 18). The major challenges to quantitative 
preclinical PET imaging when the target is to quantify physiological or pharmaco-
kinetic processes can be categorized in five classes [5]:

 – Instrumentation and measurement factors: factors related to imaging system 
 performance and data acquisition protocols;

 – Physical factors: those related to the physics of photon interaction with biologic 
tissues;

 – Reconstruction factors: issues related to assumptions made by image reconstruction 
algorithms;

 – Physiological factors: factors related to motion and other physiological issues;
 – Tracer kinetic factors: issues related to difficulties in developing and applying 

tracer kinetic models, especially at the voxel level (parametric imaging).

The above referenced issues (except instrumentation factors which are addressed 
in Chaps. 4 and 5 of this volume) are discussed at some level of detail in the follow-
ing sections.

2  Advances in Image Reconstruction Strategies

The basic principle of image reconstruction is that an object can be accurately 
reproduced from a set of its projections taken at different angles by an inversion 
procedure. The analytic solution to this inverse problem has been known for about 
one century thanks to the pioneering work of the Austrian mathematician J. Radon. 
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In essence, two major classes of image reconstruction algorithms have emerged in 
PET: direct analytical methods and iterative methods. Until about two decades ago, 
the most widely used methods for image reconstruction in PET were direct analyti-
cal techniques because they are relatively quick and their derivation straightfor-
ward. However, the resulting image quality is limited by the over simplified 
line-integral model of the acquired projection data. Alternatively, iterative recon-
struction techniques are computationally much more intensive but the resulting 
images demonstrate improvements (principally arising from more accurate statisti-
cal modeling of the system response) which have enabled them to replace analytic 
techniques not only in research settings but also in the clinic [6].

Time-dependent reconstruction can be handled either by considering series of 
independent ‘static’ reconstructions [7] or direct time-dependent 4D reconstructions 
[8]. The former remains the common approach to dynamic PET image reconstruction 
consisting of independent reconstruction of tomographic data within each dynamic 
frame. Following this step, one arrives at a set of dynamic images intended to specify 
the variation of activity over time throughout the reconstructed field-of- view (FOV). 
This is still the de facto standard approach applied in routine clinical and preclinical 
studies. As opposed to static imaging, dynamic PET reconstruction can provide addi-
tional very useful information, depending on the particular tracer and study design.

The foundations of image reconstruction are covered in detail in recent reviews 
[6, 7, 9] and textbooks [1, 10] that offer comprehensive coverage of image recon-
struction techniques including appropriate representation of the object, measured 
data and the mathematical derivation of algorithms. There is also increasing interest 
in the use of advanced 4D image reconstruction strategies for research applications 
[8]. Therefore, this section only briefly summarizes novel developments in PET 
reconstruction algorithms, with particular emphasis on statistical iterative recon-
struction techniques given their popularity, promise and wide adoption by the medi-
cal imaging community. Future directions for PET image reconstruction are also 
considered, addressing mainly the issues of improving the modeling of the data 
acquisition process and task-specific determination of the parameters to be esti-
mated in image reconstruction [7].

2.1  Analytic Reconstruction Techniques

The inverse problem in the context of analytic reconstruction is expressed in a con-
tinuous framework with the algorithmic realization implemented as a discrete 
approximation of the continuous solution. Following the notation used in [7], let us 
recall that direct analytic inversion procedures in emission tomography assume that 
a 2D parallel projection representing a set of lines of response (LORs), p s u, ˆ( ), is 
equivalent to a set of line integrals through the radioatracer distribution f(r) (the 3D 
X-ray transform) [11]:

 
p f x dxs u s u, ˆ ˆ( ) = +( )

−∞

+∞

∫ ′ ′
 

(17.1)
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where the 3D vector r in the imaging volume is decomposed into the 2D parallel 
projection position vector s = [y' z']T and the 1D orientation unit vector x′û. This 
line-integral equation represents lines through the FOV, where each detector-pair is 
regarded as an LOR i (specified by a displacement s from the centre of the FOV 
and an orientation û = ( )ϕ θ,  and with the vector q replaced by the continuous 
function p.

The derivation of the image f given the projection data p is carried out through 
the inversion of equation (1) using the central section theorem [7, 12]. This theorem 
states that a central plane of the 3D Fourier transform F(k) of the 3D image f(r) is 
equal to the 2D Fourier transform P(k) of the 2D parallel projection data at the same 
orientation û = ( )ϕ θ, . The equivalent in the 2D (slice-by-slice) image reconstruc-
tion case is that the 1D Fourier transform of a 1D parallel projection being equal to 
a single line through the 2D Fourier transform of f. One can observe that the super-
position of these 1D Fourier transforms (one from each projection angle) creates the 
2D Fourier transform of f. However, a 1/|r| weighting of the contributions to the 2D 
Fourier transform will result from this superposition. In other terms, the ramp filter 
defined as the inverse of this weighting, i.e. |r| in frequency space is used to balance 
the irregular contributions. Filtering the projection using the convolution operator 
followed by backprojection is often used as an alternative to image reconstruction 
in Fourier space. As such, the tracer distribution ƒ is reconstructed from the acquired 
projection data p in two steps: (1) filtering in which the projections are filtered by 
the ramp filter |r|, and (2) backprojection in which the intensity of each pixel is cal-
culated from the contribution of the filtered projections.

A number of analytical reconstruction techniques were suggested in the litera-
ture, including simple backprojection, which produces a blurred version of the 
object to be reconstructed [13], backprojection followed by filtering (BPF) [14] and 
filtered backprojection (FBP)/convolution backprojection (CBP). In the context of 
3D PET imaging, the 3D reprojection method (referred to as 3DRP) emerged as the 
most popular approach and has been commonly used in practice since its inception 
[15]. Given the considerable computational resources required by 3D reconstruc-
tion, various approximate techniques have been proposed to rebin the data from the 
oblique projections into 2D direct sinogram data sets to enable the application of 2D 
reconstruction techniques, thus decreasing the computation time. Fourier rebinning 
(FORE), in which oblique rays are binned to a transaxial slice using the frequency- 
distance relationship of the data in Fourier space [16], emerged as the most promis-
ing technique.

As mentioned earlier, despite the advantages of analytic reconstruction tech-
niques (quick, simple, easy to implement…), their drawbacks (noise, streak arti-
facts, interference between regions of low and high tracer concentration…) 
motivated their replacement by iterative techniques both in clinical and research 
setting. Considering current state-of-the-art and recent progress in statistical recon-
struction techniques, interest in analytic reconstruction approaches has substantially 
declined and, as such, this category of techniques will not be discussed further in 
this chapter.
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2.2  Iterative Reconstruction Strategies

The main limitation of analytic reconstruction techniques discussed above is their 
reliance on the line-integral model [Eq. (17.1)], assuming that the measured projec-
tion data are perfectly consistent with the tracer distribution, a prerequisite that is 
certainly not materialized in practice owing to the presence of noise and considering 
the impact of other physical degrading factors [7]. The advantage of iterative tech-
niques is their ability to not only accommodate more complex models of the PET 
data acquisition process in a realistic way, but they also enable to employ non- 
orthogonal basis functions. Iterative methods are frequently used to solve problems 
involving optimization. The image reconstruction problem can be regarded as a 
special situation where the aim is to determine the ‘best’ approximation of the tracer 
distribution given a set of measured projection data.

Iterative reconstruction strategies have been around since the early days of tomo-
graphic imaging but emerged as prominent techniques and potential replacements 
for analytic techniques following the introduction of statistical reconstruction 
approaches more than three decades ago [17]. The three major issues that delayed 
the widespread adoption of iterative reconstruction techniques in the clinic, namely 
the large memory requirements owing to the size of the transition matrix, the addi-
tional computational complexity compared to single-pass analytic techniques and 
the lack of a well defined stopping criterion that can be used to objectively choose 
the number of iterations in a given scenario, are no longer a matter of concern at the 
present time given recent advances in computer technology. Still the latter criteria 
remains a hot research topic which is attracting the interest of active research groups 
since excess numbers of iterations can lead to an unacceptable noise level in the 
reconstructed images if it is not appropriately controlled [18]. In practice, a preset 
number of iterations is commonly used and, as such, iterative algorithms are not run 
into convergence.

Similar to analytic techniques, iterative algorithms make use of a backprojection 
operator to estimate the tracer distribution from the projection data. However, con-
trary to analytic methods, they also include a forward projection operator which is 
used to compute the projection data corresponding to a given tracer distribution and 
attenuation map. The projection/backprojection operators are applied multiple 
times by iterative algorithms depending on the selected number of iterations and, as 
such, their algorithmic implementation in terms of accuracy and computational effi-
ciency is crucial to achieve the best possible performance.

An iterative reconstruction technique consists of two basic components: (1) the 
parameters to estimate (a set of voxel intensities representing the tracer distribution) 
and, (2) the system model describing the relationship between the tracer distribution 
and the mean of the measured projection data. It should be emphasized that it is the 
mean of the measured projection data which is usually modeled. Iterative algo-
rithms provide the flexibility required to appropriately model and parameterize this 
mean. Generally, the system model, mapping from the parameters to the mean, is 
time-invariant [7].
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Several iterative reconstruction strategies have been devised with the expectation 
maximization (EM) algorithm applied in PET as an iterative method to compute 
maximum likelihood (ML) estimates of the tracer distribution, being the most popu-
lar approach [17]. This approach assumes that the measured projection data consist 
of samples from a set of random variables whose probability density functions are 
linked to the actual tracer distribution according to a mathematical model of the data 
acquisition process.

The EM algorithm entails two different steps [19]: (1) computation of current 
projection data from the tracer distribution estimated at the preceding iteration using 
the forward projection operator according to a predefined system matrix (aij), start-
ing from an initial guess (usually a uniform cylinder) at the first iteration, (2) the 
present estimate fj

new is updated by multiplying the preceding estimate fj
old by the 

backprojection of the ratio of measured (pi) over the estimated projections in such a 
way to maximise the likelihood. The ensuing ML-EM equation is therefore given by:

 

f
f

a
a

p

a fj
new j

old

l
lj i

ij
i

k
ik k

old
=
∑ ∑ ∑

 

(17.2)

Based on an ordered sets approach, an accelerated version of the EM algorithm 
referred to as the Ordered Subsets EM (OSEM) algorithm was proposed in 1994 
[20]. This algorithm handles the projection data in subsets (blocks) within each 
iteration so as to speed up convergence by a factor proportional to the number of 
subsets. Many studies reported that OSEM generates images of comparable quality 
to those generated by the EM technique in a fraction of the processing time.

Traditionally, PET images were reconstructed using analytic techniques (FBP) 
following correction for the various physical degrading factors (attenuation, scatter, 
randoms, etc.). An appealing feature and attractive asset of iterative techniques is 
that the physical model of the data acquisition process and scanner geometry can be 
incorporated into the reconstruction algorithm through the use of weights or penal-
ties. Statistical reconstruction methods often incorporate corrections for photon 
attenuation and degradation of spatial resolution (resolution recovery). Additional 
constraints and penalty functions can also be incorporated to reduce statistical noise 
or to ensure that the image has other desirable properties, thus allowing the algo-
rithm to be tuned to meet the requirements of specific clinical protocols (task- 
specific). There is extensive literature demonstrating substantial improvement of 
image quality and quantitative accuracy of PET images when using iterative recon-
struction techniques especially when applied to low count projection data (poor 
statistics) typically encountered in oncologic or other similar studies. Figure 17.1 
compares an 18F-NaF skeletal rat PET study reconstructed using analytic (3DRP) 
and iterative (ML-EM) reconstructions. Note the significant improvement in image 
quality and spatial resolution when using iterative reconstruction. Clinical and 
 preclinical scanner manufacturers have gradually improved their reconstruction 
software by incorporating correction for photon attenuation, scatter, random events, 
spatial resolution degradation and other factors by modeling these effects into itera-
tive reconstruction algorithms. This trend is expected to keep on into the future and 
traditional analytic algorithms will become obsolete.
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One of the main issues faced by iterative algorithms is the ill-conditioning of the 
inverse problem in PET image reconstruction. Regularization is often employed to 
counterbalance this through the use of appropriate techniques including post- 
reconstruction smoothing, early termination of the iterative process or Bayesian 
priors which are used to modify the ML objective to a maximum a posteriori (MAP) 
objective) [7].

If there is no a priori knowledge about the tracer distribution, maximising the 
likelihood is equivalent to maximising the posterior. However, some a priori knowl-
edge is always available, i.e. the reconstructed image should not be too noisy [19]. 
A prior distribution favouring smooth solutions can be defined through a Markov 
random field or a Gibbs random field [21]. The probability of a voxel in a Markov 
random field depends on the intensities of voxels in the neighbourhood of that par-
ticular voxel according to a Gibbs distribution. This category of techniques has been 
successfully used in small-animal PET imaging and implemented on some com-
mercial scanners [22]. Anatomical information derived from MRI has also been 
used to tune the noise suppressing prior in MAP-type algorithms by limiting 
smoothing to within organ boundaries revealed by the anatomical data [23, 24]. 
If the limited spatial resolution of the PET scanner is modelled, then this category of 
algorithms can produce a strong resolution recovery near anatomical boundaries.

Resolution recovery image reconstruction has received considerable attention 
during the last decade [25]. These techniques have been reported to improve both the 
noise properties and spatial resolution of the reconstructed images, potentially result-
ing in more accurate quantification. This is achieved by more accurate modeling of 
the relationship between the image and projection data within the system matrix. 

Fig. 17.1 Comparison of maximum intensity projections of an 18F-NaF skeletal rat scan generated 
using analytic (3DRP) reconstruction (top) and iterative list-mode EM reconstruction (bottom). 
The iterative EM method benefits from improved modeling of the acquired PET data which signifi-
cantly improves image quality and spatial resolution. Reprinted with permission from [7]
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These techniques can be implemented either in image or projection space based on 
accurate characterization of the spatially invariant or variant scanner- specific point 
spread function (PSF). The system matrix, usually combining various physics and 
instrumentation related factors, such as scanner geometry, positron range, parallax 
error, intercrystal scatter, and non-colinearity of annihilation photons, can be esti-
mated using analytic calculations [26], Monte Carlo modeling [27] or experimental 
measurements [28–31]. The latter proved to be the favorite approach for deriving 
the spatially variant PSFs through accurate measurements of the spatial resolution 
characteristics of the PET scanner. For this purpose, a point source is commonly 
used to sample and parametrize the spatially varying PSF at different positions in the 
transaxial/axial FOV. Such algorithms have been recently implemented on clinical 
PET scanners and have proved to be useful for small-animal imaging [32].

Recent advances in the field focus on task-specific image reconstruction by incor-
porating the targeted objective within the reconstruction process, thus enabling to 
better suit the predefined task. This could be either the generation of high quality 
images with better spatial resolution and noise properties (usually required in clinical 
diagnostic imaging), or direct estimation of kinetic parameters of interest (usually 
needed in preclinical research involving small-animal studies). Estimating the meta-
bolic rate of glucose from [18F]-FDG PET scans instead of dynamic images of the 
time course of [18F]-FDG concentration in tissue is one such example. PET images 
usually contain very complex noise distributions that need to be modeled for accurate 
tracer kinetic modeling. Strategies for direct estimation of kinetic parameters from 
the dynamic data set can simplify this task since such methods make use of the mea-
sured data, which are known to follow the simple independent Poisson distribution 
[8]. This concept was used in the framework of the EM algorithm to estimate kinetic 
parameters by maximizing the Poisson log-likelihood of obtaining the measured 
dynamic data [33]. Such approaches have been further extended and revisited by 
various groups and are described more in detail in the above referenced review [8].

3  Scatter Modeling and Correction

With the introduction of commercial preclinical PET scanners, small-animal imag-
ing is becoming readily accessible and increasingly popular. The choice of a par-
ticular system being dictated in most cases by technical specifications, special 
attention has to be paid to methodologies followed when characterizing system per-
formance. Since different methods can be used to assess the scatter fraction, differ-
ences may be methodological rather than reflecting any relevant difference in the 
performance of the scanner. Standardization of the assessment of performance char-
acteristics is thus highly desired [34].

Little has been published on modeling the scatter component in small-animal 
PET scanners owing to the relatively small scatter fraction when imaging rodents 
(compared to clinical imaging). The origin of scatter for small-animal imaging has 
not been well characterized, but, has been proposed to stem mainly from the gantry 
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and environment rather than the animal itself [35]. This point of view is supported 
by the fact that scatter correction usually does not involve correcting for scatter in 
the detector itself. Figure 17.2 illustrates the difference in terms of origin and shape 
between object and detector scatter components.

The scatter component for a prototype PET scanner based on avalanche photo-
diode (APD) readout of two layers of lutetium oxyorthosilicate (LSO) crystals with 
depth of interaction information, called the Munich-Avalanche-Diode-PET 
(MADPET), was assessed using Monte Carlo calculations [36]. In a more advanced 
version of this prototype (MADPET-II), the scatter fraction in a mouse-like cylin-
drical phantom (6 cm diameter, 7 cm height) containing a spherical source (diam-
eter 5 mm) placed at its center was 16.2 % when the cylinder is cold and increased 
to 37.7 % when the cylinder is radioactive for a lower energy discriminator of 
100 keV and no restrictions in the acceptance angle [37]. One study reported a scat-
ter fraction of 25–45 % in the rat brain using 11C-raclopride and an increase in dis-
tribution volume ratio of 3.5 % after scatter correction [38]. Monte Carlo simulations 
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showed that small-animal PET scanners are also sensitive to random and scattered 
coincidences from radioactivity outside the FOV [39].

Important contributions to the field were made by Bentourkia et al. [40] who 
used multispectral data acquisition on the Sherbrooke small-animal avalanche pho-
todiode PET scanner to fit the spatial distribution of individual scatter components 
of the object, collimator and detector using simple mono-exponential functions. The 
scatter fraction of this scanner for rat imaging was estimated to be 33.8 % with a 
dominant contribution of the single-scatter component (27 %) as assessed by Monte 
Carlo calculations [41]. The position-dependent scatter parameters of each scatter 
component are then used to design non-stationary scatter correction kernels for each 
point in the projection. These kernels are used in a non-stationary convolution- 
subtraction method which consecutively removes object, collimator, and detector 
scatter from projections [42]. This technique served as basis for the implementation 
of a spatially variant convolution subtraction scatter correction approach using dual- 
exponential scatter kernel on the Hamamatsu SHR-7700 animal PET scanner [43].

The SF and noise equivalent count rate (NECR) are usually measured using vari-
ous discrete phantoms of different uniform size [35, 44, 45]. The idea of the NEMA 
protocol for scatter fraction estimation is to use a uniform cylindrical phantom with 
a line source inserted at predefined radial displacements to give an estimate of the 
scatter fraction, which is representative of the whole phantom [46]. For this purpose, 
the scatter fraction and count rate performance are determined using a mouse- and 
rat-sized phantoms and an 18F line source insert. The mouse-sized phantom is 
70 ± 0.5 mm long and 25 ± 0.5 mm in diameter with a cylindrical hole (3.2 mm diam-
eter) drilled parallel to the central axis at a radial distance of 10 mm. The rat-sized 
phantom has a diameter of 50 ± 0.5 mm and a length of 150 ± 0.5 mm with a cylindri-
cal hole (3.2 mm diameter) drilled parallel to the central axis at a radial distance of 
17.5 mm. For instance, the scatter fraction for the X-PET™ subsystem of the FLEX 
Triumph™ PET/CT scanner was measured to be 7.9 % for the mouse- sized phantom, 
whereas a value of 21 % was reported for the rat-sized phantom [47]. These values 
were measured to be 19 % and 31 %, respectively, for the LabPET™-8 scanner [48].

Monte Carlo simulation studies have shown that the optimum radial displace-
ment of the line source required for relevant assessment of the scatter fraction for a 
range of phantom sizes was ~3/4 of the phantom radius from the center [44], which 
is very close to the position recommended by the NEMA NU-4 standard for animal 
scanners [46] contrary to the NU-2 standard for clinical whole-body scanners [49].

Exhaustive experimental measurements were also carried out to characterize the 
magnitude and origin of scattered radiation for the microPET II small-animal PET 
scanner [35]. It has been shown that for mice scanning, the scatter from the gantry and 
room environment as measured with a line source placed in air dominates over object 
scatter. The environmental scatter fraction rapidly increases as the lower energy dis-
criminator decreases and can be over 30 % for an open energy window of 150–
750 keV. The scatter fraction originating from the mouse phantom is very low (3–4 %) 
and does not change considerably when increasing the lower energy discriminator. 
The object scatter fraction for the rat phantom varies between 10 and 35 % for differ-
ent energy windows and increases as the lower energy discriminator decreases.

H. Zaidi



477

Likewise, the measured scatter fractions for the mouse (rat) NEMA count rate 
phantom in the microPET-R4 and the microPET®—FOCUS-F120 were 14 % 
(29 %) and 12.3 % (26.3 %), respectively, when using a low energy discrimination 
of 250 keV [50]. If the discriminator is increased to 350 keV, the scatter fraction 
drops to 8.3 % (19.6 %) and 8.2 % (17.6 %), respectively. Scatter correction is thus 
more important for rat scanning whereas a large energy window (i.e., 250–750 keV) 
would be more appropriate for small objects (e.g. mouse brain scanning) to increase 
system sensitivity.

Several observations reported that within specific rodent species, especially rats 
or small rabbits, there is substantial variation in body size when rodents are litters 
or correspond to diabetic models put on high calorie diets. Also the rodents’ body 
shape is not uniform throughout the axial direction. The body cross-section of 
rodents’ specially rats and large species increases from head towards pelvic region 
[51]. Moreover, it has been suggested that a phantom representing a varying range 
of cross-sections and dimensions would be more suited for the assessment of these 
parameters for clinical PET systems [52]. Furthermore, it is nowadays common 
practice to increase the throughput of rodent PET studies by simultaneous scanning 
of multiple rodents placed at different radial offsets in the scanner’s FOV [53].

More recently, Prasad et al. [51] reported on the design and development of a 
cone-shaped phantom for the measurement of object size-dependent SF and NECR 
and, second, to assess these parameters as a function of radial offset, object size and 
lower energy threshold for two small animal PET scanners, namely the X-PET™ 
and LabPET™-8, using the developed cone-shaped phantom. The optimized dimen-
sions of the cone-shaped phantom were 158 mm (length), 20 mm (minimum diam-
eter), 70 mm (maximum diameter) with taper angle of 9°. Depending on the radial 
offset from the centre of the central axial FOV (3–6 cm diameter), the SF for the 
cone-shaped phantom varied from 26.3 to 18.2 %, 18.6 to 13.1 % and 10.1 to 7.6 % 
for the X-PET™, whereas it varied from 34.4 to 26.9 %, 19.1 to 17.0 %, and 9.1 to 
7.3 % for the LabPET™-8, for lower energy thresholds (LETs) of 250, 350 and 
425 keV, respectively. The SF increases as the radial offset decreases, LET decreases 
and object size increases. Overall, the SF is higher for the LabPET™-8 compared to 
the X-PET™ scanner. Figure 17.3 illustrates a Monte Carlo model of the 
LabPET™-8 small animal PET scanner with a cone-shaped phantom in the FOV 
(left). The SF for FOVmouse corresponding to the cone-shaped phantom for the 
LabPET™-8 scanner using a LET of 250, 350 and 425 keV is also shown (right). 
The SF estimates are shown for a line source located at the center and at 10 and 
15 mm radial offset [51].

The same authors characterized the magnitude and spatial distribution of the 
scatter component in small-animal PET imaging when scanning single and multiple 
rodents simultaneously and assessed the performance of model-based scatter cor-
rection under similar conditions [54]. The modelled scatter component for the 
LabPET™-8 scanner using the single-scatter simulation (SSS) technique was com-
pared to Monte Carlo simulation results. A good agreement was observed between 
calculated and Monte Carlo simulated scatter profiles for single- and multiple- 
subject imaging. In the LabPET™-8 scanner, the detector covering material (kovar) 
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contributed the maximum amount of scatter events while the scatter contribution 
due to lead shielding was negligible. The increase in SF ranged between 25 % and 
64 % when imaging multiple subjects (three to five) of different size simultaneously 
in comparison to imaging a single subject.

Similar approaches were undertaken for positron emission mammography 
(PEM) units where both high spatial and contrast resolution and sensitivity are 
required to meet the needs of early detection of breast tumors, hence avoiding 
biopsy intervention. In this context, a scatter correction method for a regularized 
list-mode ML-EM reconstruction algorithm was proposed [55]. The object scatter 
component is modeled as additive Poisson random variable in the forward model of 
the reconstruction algorithm. The mean scatter sinogram, which only needs to be 
estimated once for each PEM configuration is estimated using lengthy Monte Carlo 
simulations [54].

A more recent approach aiming at simultaneous correction for attenuation and 
scatter was suggested [56]. This is achieved by analytical assessment of the spatial 
distribution of scattered photons using both emission and transmission images com-
bined with prior knowledge of the probability of Compton scattering and scanner 
detection efficiency. The authors reported improved performance compared to the 
model-based approach proposed by Watson [57].

4  Attenuation Compensation

Similar to scatter correction [58], little has been published on attenuation correction 
(AC) in small-animal PET imaging owing to the low magnitude of attenuation fac-
tors when imaging rodents (compared to clinical imaging). The magnitude of the 
correction factors ranges from approximately 45 for a 40 cm diameter human 
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subject and decreases down to 1.6 for a 5 cm diameter rat) to nearly 1.3 for a 3 cm 
diameter mouse [59]. This elucidates why the problem of photon attenuation has 
been overlooked in small-animal imaging even in the third generation of preclinical 
PET scanners [60]. PET scanner calibration factors are usually determined with and 
without AC given that AC is till not well established in small-animal imaging.

Fahey et al. [61] have shown that the use of transmission (TX)-based AC 
improved the quantitative accuracy but also reduced the precision as indicated in the 
variability of the attenuation corrected data. This can be compensated by noise 
reduction schemes such as segmentation of the TX data. Another study compared 
several measured TX-based techniques for deriving the attenuation map on the 
microPET Focus 220 animal scanner [62]. This includes coincidence mode with 
and without rod windowing, singles mode with two different TX sources (68Ge and 
57Co), and post-injection TX scanning. Moreover, the efficiency of TX image seg-
mentation and the propagation of TX bias and noise into the emission images were 
examined. It was concluded that 57Co-based AC provides the most accurate attenu-
ation map having the highest SNR. Single-photon TX scanning using 68Ge sources 
suffered from degradations resulting from object Compton scatter. Monte Carlo 
simulation studies also demonstrated that background contamination in the 68Ge 
singles-mode data due to intrinsic 176Lu radioactivity present in the detector crystals 
can be compensated using a simple technique [63]. Compensating for scatter 
improved the accuracy for a cylindrical phantom (10 cm diameter) but overcor-
rected for attenuation for a mouse phantom. Low-energy 57Co-based AC also 
resulted in low bias and noise in post-injection TX scanning for activities in the 
FOV up to 20 MBq. Attenuation map segmentation was most successful using 57Co 
single-photon sources, however, the modest improvement in quantitative accuracy 
and SNR may not rationalize its use, particularly for small-animals. More sophisti-
cated techniques using multiple sources for TX scanning where each point source is 
surrounded by a plastic scintillator coupled to a miniature photomultiplier tube to 
allow collection of the energy the positron must lose before annihilation were also 
developed [64, 65]. The LoR joining the current source position and detector posi-
tion is identified through the pulse provided by the energy lost in the plastic scintil-
lator whereas scanner’s conventional detectors provide the second pulse.

Combined anato-molecular PET/CT imaging also provides a priori subject- 
specific anatomical information that is needed to correct the PET data for photon 
attenuation and other physical effects. The potential use of small-animal CT for AC 
is now well established and is considered to be one of the potential applications of 
low-dose microCT imaging which can drive the further development of dual- 
modality small-animal PET/CT [66]. Similar to SPECT/CT [67, 68], the accuracy of 
CT-based attenuation correction (CT-AC) in preclinical imaging was demonstrated 
using phantom and animal studies where the low-dose CT was suitable for both PET 
data correction and PET tracer localization [59]. The principle of CT-AC is shown 
in Fig. 17.4. Some of the advantages of the technique are the low statistical noise and 
high-quality anatomical information, small crosstalk between PET annihilation pho-
tons and low energy X-rays, and higher throughput imaging protocols. Noise analy-
sis in phantom studies with the TX-based method showed that noise in the TX data 
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increases the noise in the corrected PET emission data whereas the CT-based method 
was accurate and resulted in less noisy images. For small-animal imaging, hardware 
image registration approaches that rely on the use of custom made imaging cham-
bers which can be rigidly and reproducibly mounted on separate PET and CT pre-
clinical scanners [69] is a reasonable alternative to combined PET/CT designs 
[70–72]. Calculated AC was reported to provide similar correction compared to 
CT-AC for a cylindrical phantom and a mouse for which the attenuation medium 
volume matches the PET emission source distribution [73]. However, it undercor-
rects for attenuation when the emission image outline underestimates the attenua-
tion medium volume (unmatched source distribution and attenuation medium).

One should note that accurate and robust conversion of CT numbers derived 
from low-energy polyenergetic X-ray spectra of a CT scanner to linear attenuation 
coefficients at 511 keV is essential for accurate implementation of CT-AC of PET 
data. Several conversion strategies have been reported in the literature including 
segmentation [74], scaling [75], hybrid (segmentation/scaling) [76], bilinear or 
piece-wise scaling [77], quadratic polynomial mapping [78, 79], and dual-energy 
decomposition methods [80]. Energy-mapping methods are generally derived at a 
preset tube voltage and current. These methods are widely used and validated on 
clinical PET systems [81]; however, they still need to be thoroughly investigated on 
dedicated high resolution, small FOV scanners such as those used for small-animal 
imaging. PET images of a transverse slice of the NEMA NU 4- 2008 image quality 
phantom reconstructed with and without attenuation correction are shown in 
Fig. 17.5. A horizontal line profile is also shown [79].

Despite the wide acceptance of CT-AC as a reliable technique allowing to achieve 
more accurate quantification in high resolution preclinical PET imaging, further 
work is still needed to explore its broad potential, in particular when combined with 
scatter and beam hardening correction of cone-beam CT data [82]. The impact of 
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X-ray scatter in cone-beam CT subsystems coupled to PET scanners on combined 
preclinical PET-CT systems has been investigated in a limited number of studies 
[83–85]. Most of the approaches estimate the scatter-to-primary ratio (SPR) from 
projections in the 3D cone-beam geometry using the beam stop method or from 
Monte Carlo simulations. Alternatively, analytical models were derived to estimate 
the first order X-ray scatter by approximating the Klein–Nishina formula so that the 
first order scatter fluence is expressed as a function of the primary photon fluence on 
the detector [86].

Following the introduction of hybrid small-animal PET/MRI systems [87–92] 
(see also Chap. 15), MRI-guided attenuation compensation has received a great deal 
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of attention in the scientific literature [93–95]. This is a very active research topic 
that will certainly impact the future of hybrid PET/MRI technology. The major dif-
ficulty facing MRI-guided attenuation correction lies in the fact that the MRI signal 
or tissue intensity level is not directly related to electron density which renders 
conversion of MRI images to attenuation maps less obvious compared to CT. One 
approach uses representative anatomical atlas registration where the MRI atlas is 
registered to the subject’s MRI and prior knowledge of the atlas’ attenuation proper-
ties (for example through coregistration to CT atlas) is used to yield a subject- 
specific attenuation map [96]. This is the basis of the method proposed by Chaudhari 
et al. [97] for mice imaging, using the Digimouse atlas. The critical and crucial part 
of the algorithm is the registration procedure which might fail in some cases with 
large deformations [98, 99]. The other fundamental question that remains to be 
addressed is: does the global anatomy depicted by an atlas really predict individual 
attenuation map? [93].

5  Partial Volume Effect Correction

The quantitative accuracy of PET is hampered by the low spatial resolution capabil-
ity of currently available scanners. The well accepted criteria is that one can accu-
rately quantify the activity concentration for sources having dimensions equal or 
larger than two to three times the system’s spatial resolution measured in terms of its 
full width at half maximum (FWHM) [100, 101]. Sources of smaller size only partly 
occupy this characteristic volume and, as such, the counts are spread over a larger 
volume than the physical size of the object owing to the limited spatial resolution of 
the imaging system. It should be emphasized that the total number of counts is con-
served in the corresponding PET images. In this case, the resulting PET images 
reflect the total amount of the activity within the object but not the actual activity 
concentration. This phenomenon is referred to as the partial volume effect (PVE) and 
can be corrected using one of the various strategies developed for this purpose [102].

In clinical PET imaging, partial volume errors are great sources of errors impact-
ing PET image quantification. In preclinical PET imaging, partial volume errors are 
expected to be less severe owing to the higher spatial resolution of dedicated small 
bore systems. However, it is a matter of fact that the quantitative accuracy in small 
animal imaging still bears inherent limitations especially for quantification of tracer 
uptake in small organs such as mouse brain or heart [103]. It has been reported that 
dedicated preclinical PET scanners can provide accurate quantification to within 
6 % for features larger than 10 mm. About 60 % of object contrast was retained for 
features as small as 4 mm [61].

The high cost of dedicated preclinical instrumentation and the interest expressed 
by several groups to conduct preclinical research studies in facilities equipped only 
with commercial scanners for clinical studies motivated the use of clinical PET 
scanners for imaging laboratory animals. Moreover, various strategies were devel-
oped to scan multiple rodents simultaneously at different radial offsets in the 
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scanner’s FOV to increase the throughput of PET scanners [104]. However, the 
limited spatial resolution of clinical scanners deteriorates image quality and ham-
pers the quantitative accuracy by enhancing the impact of partial volume errors in 
small- animal imaging. Despite these limitations, several investigators successfully 
carried out research experiments involving scanning laboratory animals on clinical 
PET scanners [105–107]. Many of these studies used simple approaches for partial 
volume correction using the method based on the calculation of recovery coeffi-
cients (RCs) [108, 109]. In this approach, the correction is performed by multiply-
ing the uptake value in a specific region of interest (ROI) with a size-dependent RC. 
RCs are commonly calculated through experimental measurements using objects 
with known size, shape, activity concentration and location in the scanner’s FOV 
[110]. Many of these approaches accounted for both ‘spill-out’ (loss of activity) and 
‘spill- in’ (increase of activity) to and from the surrounding tissues, respectively. 
Few studies reported on partial volume correction for preclinical studies involving 
the use of small-animal PET scanners [103, 111]. Correction for partial volume 
even using this simple approach significantly improved both accuracy of small-
animal PET semi-quantitative data in rat studies and their correlation with tumour 
proliferation, except for largely necrotic tumours [111].

More sophisticated approaches described in the literature were designed specifi-
cally to compensate for partial volume effect in rat brain imaging [112], tumour 
imaging [113] and cardiovascular imaging [114–117] including correction for par-
tial volume effect when using image-derived input function for kinetic modelling 
[118, 119]. Most of these studies demonstrated significant improvement in quantita-
tive accuracy when partial volume effect is applied. It has also been demonstrated 
that image correction and reconstruction techniques, object size and location within 
the FOV have a strong influence on the resulting partial volume effect [120]. Among 
the above referenced approaches, methods using the wavelet transform to incorpo-
rate the high resolution structural information (CT or MRI) into low resolution PET 
images seem to be promising and should be investigated further [121].

6  Issues Pertaining to Quantification and Kinetic Modelling

The kinetic modeling of PET data depends on the radiotracer used for imaging, the 
data acquisition protocol and the biological tissues or organs under study. Each 
radiotracer behaves differently in the body, and the same tracer could be affected 
differently in different types of tissue. The general principles of kinetic modeling 
are extensively reviewed elsewhere and will not be discussed here [122, 123]. 
Basically, two approaches were adopted for kinetic analysis: (1) tracer-dependent 
models performed on a voxel-by-voxel basis to produce parametric images and, (2) 
grouping voxels representing homogeneous tissues in volumes of interest (VOIs). 
The former approach bears the inherent drawback of generating noisy time-activity 
curves (TACs) at the voxel level and, as such, it is tricky to fit the model to the data 
for short-lived radionuclides. To this end, a number of approaches have been 
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suggested to tackle this challenge, including spatial noise reduction techniques, 
cluster analysis and spatial constrained weighted nonlinear least-square methods 
and wavelet denoising approaches [124]. Alternatively, the latter approach is more 
robust because of the averaging of the voxels contained in each VOI, thus enabling 
to handle the data with better statistical properties. This also allows significant 
reduction of computation time since the processing is limited to a predefined num-
ber of VOIs instead of a large number of voxels. Yet, this approach presents some 
fundamental limitations particularly when the assumption of tissue homogeneity 
within a VOI is questionable.

In the context of small-animal imaging, kinetic modeling of tracers presents sev-
eral issues and additional challenges compared to human studies that need to be 
addressed through research before the technique can be exploited to its full potential 
[125]. This includes improved image correction, reconstruction and analysis 
 techniques, and the use of blood plasma data coupled with advanced kinetic models. 
In addition to these technical concerns, two other issues still need to be carefully 
addressed. These include the impact of anesthesia on the physiological processes 
being studied [126] and the radiation dose delivered to the animals [127–129], 
 particularly in longitudinal studies where the animal serves as its own control.

The data acquisition process in small-animal imaging involving kinetic modeling 
consists of the following steps [125]: (1) animal handling and preparation, (2) tracer 
injection, usually through the tail vein, (3) dynamic or list-mode PET data acquisi-
tion, and (4) direct blood sampling or acquisition of an early dynamic frame at the 
level of the heart if image-based derivation of the input function is sought. It is often 
common practice to launch the acquisition simultaneously with bolus injection. 
Special attention has to be paid to dead-time correction particularly at the beginning 
of the scan to measure the relatively high initial activity. Likewise, appropriate 
cross-calibration procedures between the PET scanner, dose calibrator and well 
counter should be performed. The different clocks used should also be synchronized 
to limit decay correction errors. The total acquisition time has consequences on the 
size of the data sets if acquired in list-mode format and on the animal’s physiology. 
It is often assumed that the physiological and metabolic processes under investiga-
tion remain unchanged during the course of the study excluding cases where the aim 
of the study is to influence these processes (e.g. activation studies).

The input function is often required for kinetic modeling studies to determine the 
amount of the radiotracer in the blood (or plasma) delivered to tissue, and can be 
assessed from arterial blood samples. However, blood sampling is risky, and in the 
specific case of small animals, the procedure is very tricky and yet there may not be 
enough blood to extract especially in repetitive studies. Therefore, only a small frac-
tion of the total blood volume is usually withdrawn to limit side effects. This obvi-
ously has an impact on the number of samples which have to be withdrawn either 
manually or automatically by means of blood sampling devices in a discrete or 
continuous fashion. Novel automated microfluidic blood sampling devices allow 
taking only few samples corresponding to a small fraction of the total blood volume 
[130, 131]. As mentioned above, alternative methods rely on extracting the input 
function directly from images. In this case, the radioactivity in the arterial blood can 
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be assessed by defining VOIs on the left atrium chamber or on the left ventricle 
(in cardiac studies) [132, 133]. However, special attention has to be paid to correct 
for spillover from blood to tissues or from tissue to blood (owing to the small size of 
the heart relative to the scanner’s spatial resolution) and for the metabolites. Another 
alternative is to use standard arterial input function derived from an automated slow 
bolus infusion of 18F-FDG adjusted by few measured blood samples [134]. Promising 
approaches for derivation of the input function without blood sampling include ref-
erence tissue approaches [135, 136] and decomposition of images using factor anal-
ysis [137, 138] or independent component analysis [139]. Alternatively, beta-probes 
have also been used to determine the input function [140, 141], however, complex 
surgery might be needed to estimate accurately the input function [142].

Automatic quantitative analysis of molecular PET data is essential as it provides 
the potential to enhance the consistency among different interpreting observers 
regardless of their experience and to reduce the variability across institutions in 
multicentre trials. For example, the development of tracer-specific small animal 
PET probabilistic atlases [143] correlated with anatomical (e.g. MRI) templates 
enabled automated volume-of-interest or voxel-based analysis of small animal PET 
data with minimal end-user interaction [144]. One such software tool was devel-
oped by Kesner et al. [145] to enable the assessment of the biodistribution of PET 
tracers using small animal PET data. This is achieved though non-rigid coregista-
tion of a digital mouse phantom with the animal PET image followed by automated 
calculation of tracer concentrations in 22 predefined VoIs representing the whole 
body and major organs. The development of advanced anatomical models including 
both stylized and more realistic voxel-based mouse [146–149] and rat [150–153] 
models obtained from serial cryo-sections or dedicated high resolution small animal 
CT and MRI scanners will certainly help to support ongoing research in this area 
[154, 155]. Figure 17.6 illustrates a representative slice of PET, CT, cryosection, 
and Atlas and overlay images through the Digimouse model [147]. More recently, 

Fig. 17.6 Spatially registered (from left to right) PET, CT, cryosection, Atlas and overlay images 
for a coronal slice through the Digimouse model. Reprinted with permission from [147]
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a methodology for fully automated atlas-guided analysis of small animal PET data 
through deformable registration to an anatomical mouse model was reported [156]. 
Representative image registration results between experimental mouse studies and 
the Digimouse atlas are shown in Fig. 17.7. Direct segmentation of functional PET 
images enabling to alleviate the need of the corresponding anatomical information 

Fig. 17.7 Illustration of representative deformable registration example between the Digimouse 
and an experimental mouse studies showing: (a) overlay of the Digimouse atlas onto correspond-
ing CT images, (b) actual 18F-FDG PET/CT mouse study, (c) mouse study shown in (b) with 
overlay of the segmentation onto CT image (seven organs), (d) CT to CT registration of the 
Digimouse and actual mouse study shown in (c), (e) overlay of the transformed segmentation 
(seven organs) using registration parameters obtained in (d) onto CT image, and (f) transformed 
PET/CT study using registration parameters obtained in (d). Reprinted with permission from [156]
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or an Atlas have also been reported [157]. Such approaches are useful for automated 
calculation of TACs for the various organs/tissues of interest, which is required for 
the purpose of kinetic modeling.

7  Summary and Future Directions

It is gratifying to see in overview the progress that quantitative analysis of small- 
animal PET data has made, from cumbersome manual techniques, through semi- 
automated approaches requiring the availability of multimodality imaging, and 
more recently towards atlas-guided fully automated analysis approaches. Significant 
attention has been devoted to optimizing algorithmic designs and computational 
performance and to balancing conflicting requirements. Approximate methods suit-
able for applications that do not require accurate quantitative measurements and 
more sophisticated approaches for research applications where there is greater 
emphasis on accurate quantitative measurements, are being addressed. Quantitative 
high resolution preclinical multimodality imaging will undoubtedly be an accurate 
and cost-effective method for conducting various basic research studies to enable 
the understanding of complex diseases and physiological processes and might also 
assist in drug discovery and many other applications relying on the use of small- 
animal models of human disease.

Technical challenges remain for quantitative imaging, particularly in the areas of 
motion tracking and correction when scanning freely moving awake rodents [158–
160], in accurate image quantification predominantly when using exotic non- 
conventional radionuclides [161, 162], and in the development of more accurate 
kinetic models at the voxel level. As these challenges are met, and experience is 
gained, quantitative small-animal molecular imaging will attract more interest and 
make a more profound impact on biomedical research.
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1            Introduction 

 Molecular Imaging refers to observations and measurements of molecular processes 
in living cells or animals [ 1 ]. Anything that alters physiological processes can 
change molecular pharmokinetics (PK) and pharmodynamics (PD), thus these fac-
tors are important to understand, control or eliminate wherever possible. Even with 
in-vitro or ex-vivo measurements, the environment during formation of the molecu-
lar target and conditions during exposure to the imaging probe may alter the experi-
mental results. The capacity for biological systems to modify themselves, sometimes 
very quickly, means that the biological status is a potentially changeable condition. 

 In-vivo physiology can be infl uenced by a wide range of factors, including anes-
thetic agent, animal and room temperature, injection method and time of day [ 2 ]. 
These in turn can infl uence the specifi c accumulation and clearance of imaging 
agents and any endogenous background signals. In many cases it is possible to con-
trol these parameters, reducing or eliminating their effect on imaging experiments. 

 In addition to physiology, there are physical parameters that can be optimized to 
ensure the best possible data from the imaging systems. In most imaging devices 
there is a particular region where sensitivity or resolution may be highest, such as 
the center of a SPECT, PET or CT scanner. There are also times when sequential 
serial or longitudinal imaging may be useful, thus a fi xed position for animals or 
cells can be quite useful. A positioning system ensures both optimal acquisition of 
image data, and also often aides in the subsequent data analysis. 

    Chapter 18   
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 This chapter will discuss the various factors that can alter in vivo physiology and 
imaging probe signal, background and contrast between signal and background. 
Potential solutions for reducing physiological variability and the resulting impact 
on imaging experiments are described, along with the use of contrast agents for CT 
imaging.  

2     Anesthesia 

 Molecular imaging systems are much like photographic cameras, in that they require 
a certain amount of time to collect data to form an image. It may take seconds or 
hours, and the systems may be tolerant or intolerant of motion during the imaging 
process. For example, current PET imaging systems have resolutions of 1–2 mm, so 
movements less than this distance might not seriously change the results. Some 
optical imaging systems can tolerate some amount of movement since light scatter 
substantially blurs the detected signal. Other systems such as MRI and CT, or high 
resolution SPECT, may not produce useful data at all if there is much movement of 
the animal. The tolerance for movement is set by the resolution, with high resolution 
imaging requiring little if any motion during data collection. In order to acquire high 
quality images, anesthesia is normally used to immobilize the animals. While anes-
thesia eliminates motion from the animals moving around, it does not stop cardiac 
or respiratory motion, which will be addressed in a later section. 

 Two types of anesthesia are used: injected and gas. Injected anesthetics such as 
pentobarbital, ketamine, midazolam and xylazine are controlled substances that 
require careful tracking, security and prescriptions, primarily because most are also 
drugs of abuse that alter the dopaminergic system. It is worth noting that if one 
wishes to study the dopaminergic system, it is important to understand the effects of 
anesthesia on the neuronal circuitry being investigated [ 3 ]. Injected anesthetics have 
a decided advantage, in that the only requirements are a syringe, needle and bottle 
of anesthetic. No other equipment is required to use injected anesthetics. This is 
particularly important for working with larger animals such as non-human primates, 
where in most cases gas cannot be safely used for the induction of anesthesia. 

 There are multiple disadvantages to injected anesthetics. Pentobarbital is very 
long lasting, which is both good and bad, since full recovery could take a long time, 
though this might be useful for long imaging sessions. Ketamine and xylazine are 
relatively short lasting, with some agents such as propofol very short lived, so these 
agents often require multiple injections or constant infusion. This can lead to a 
 variable depth of anesthetic state, which also means variable physiology during 
imaging [ 4 ]. It may be diffi cult to inject additional anesthesia during imaging, and 
the right amount of additional dose may not be easy to determine. While it is pos-
sible to infuse injected anesthetics, it may be troublesome to titer the dose properly 
over time. Injected anesthetics also can easily lead to overdose, particularly with 
inexperienced personnel who are not at ease and adept with handling animals. The 
lethal dose is in most cases not much more than the amount required for deep 
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anesthesia. There is also no way to recover from an accidental overdose if too much 
is injected. Despite these diffi culties, injected anesthetics are commonly used and 
both safe and effective when used correctly. 

 Inhalant or gas anesthesia is the preferred method of keeping animals from mov-
ing for most molecular imaging research. Most common in use today is isofl urane, 
although there is increasing interest in using sevofl urane as it appears to have less 
effect on glucose levels in blood, which may be important for FDG imaging using 
PET [ 5 ]. Inhalant anesthetics have the advantage of creating a constant level of 
anesthesia that lasts as long as required, and it is less likely to kill animals by over-
dose. If the anesthesia setting is too high and the animal begins to have labored 
breathing, turning down the amount of anesthesia can quickly bring the animal back 
to a more appropriate respiratory rate. Both heart and respiratory rates are different 
between species and even between animal strains, so knowledge of what is normal 
is required to determine the optimal rates. Animals also recover very quickly from 
gas anesthesia, thus having less physiological impact, which may be important if 
animals are being imaged frequently. In addition to being safe, quick and effective, 
gas anesthetics are also readily available and are currently not controlled substances 
in the United States. Inhalant anesthetics can be used with induction boxes 
(Fig.  18.1 ), nose cones and through intubation either with our without ventilation. 
There is no need for analgesia and often the breathing rate remains much higher 
than with injected anesthetics.

   Given that anesthetics alter animal physiology [ 5 ], there is considerable interest 
to image without anesthesia. In some cases this may mean restraining the conscious 
animals [ 6 ], or perhaps letting them roam free and tracking the movement [ 7 ]. One 
group has gone so far as building a miniature camera that is mounted on the animal 
[ 8 ]. A few groups have gone to great lengths to train animals to hold still during 
imaging, which provides interesting and valuable information, but at great cost in 
resources to train animals [ 9 ]. Other systems allow mice to roam freely and provide 
a video signal of optical signals [ 10 ]. Although the majority of molecular imaging in 
animals will continue to use anesthesia, conscious studies will always have an impor-
tant role and may well expand as new ideas and imaging systems are developed. 

 The use of anesthesia is common in preclinical settings, yet rare in clinical set-
tings. The impact on the physiology and probe signals may be profound and this 

  Fig. 18.1     Left image : wall mounted gas anesthesia system with manifold supplying isofl urane to 
multiple sites of use.  Right : heated induction box with simple on/off gas control       
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represents a clear distinction between what may be observed in humans versus that 
seen in animals. One option is to use conscious injections and uptake time, followed 
by induction of anesthesia and immediate imaging. This is often referred to as 
 conscious uptake, though it is followed by unconscious imaging. The idea is that 
the probe is already sequestered and the background activity eliminated, so that the 
signal and contrast levels are already set in place before the anesthetic agent is intro-
duced. In some cases this has proven to be very successful, allowing signals to be seen 
that were otherwise masked by anesthetic effects, as shown in Fig.  18.2 . The increased 
uptake of FDG using isofl urane during unconscious uptake masked the signifi cance 
of the mouse knock-out model, which was observed by using conscious uptake 
(unpublished results). Note that with conscious uptake, not only was the heart uptake 
reduced, but the SUV variability was also substantially lower, making the differences 
between the mouse models and insulin status signifi cant. One consideration with con-
scious work is that there may be stress related changes in the animal, leading to altered 
cortisone, glucose or other metabolic factors that can infl uence the experiment.

3        Temperature 

 Development of preclinical imaging systems with high resolution and sensitivity has 
enabled a shift from large to small animals for molecular imaging research. For 
example, the development of small animal PET systems such as microPET allowed 
researchers to move from primates, pigs, dogs and other larger species into working 
with rats and mice. There are tremendous advantages to using these rodents, includ-
ing lower cost, they are not endangered, it is easy to work with many animals per day, 
they are easier to handle and housing larger numbers is possible in a small space. 
Perhaps the most important is that we know the genome and many different genetic 
knock out and knock in strains are available to study a wide range of diseases. 

  Fig. 18.2    Standardized 
uptake values (SUV) for FDG 
in mouse heart 60 min 
post-injection in both a wild 
type (wt) and insulin 
sensitivity knockout (ko) 
model. Right two columns 
show the high variability and 
increased heart uptake with 
the use of unconscious uptake 
under isofl urane. Stars 
indicate signifi cant difference 
between mouse models ( left ) 
and wt baseline and wt insulin 
challenge ( right )       
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Animal supply vendors offer a huge range of mice with various genetic manipulations. 
One side effect of working with small animals is that temperature becomes a para-
mount issue to address since these small animals have little heat capacity. 

 With decreasing animal size, temperature control becomes increasingly impor-
tant to regulate. Rodents are small, thus have relatively little thermal mass to main-
tain body temperature, especially when anesthetized. Anesthetized mice can quickly 
become hypothermic in as little as 5–6 min in a 20 °C room [ 11 ]. Larger species, 
such as primates or dogs, might not require heating during imaging, or might be 
suffi ciently warmed using recirculating water baths or a heating blanket, though 
these systems provide little actual control over internal body temperature. 

 Biological systems are somewhat tolerant of low temperatures, with compensa-
tory mechanisms to protect the animal’s health. Surgeons sometimes take advantage 
of slowing physiological processes by chilling animals during surgery [ 12 ]. When 
cold, animals will divert blood fl ow from peripheral tissues to maintain core body 
temperature and this can cause the peripheral tumors to have signifi cantly lower 
uptake, simply due to temperature [ 2 ]. Most work using tumors is focused on poten-
tial treatments and their effects, which is only confounded by variable uptake due to 
temperature changes. Frequently tumors are implanted in the shoulder region, 
which is well away from activity localizing in the bladder, GI and liver, however 
uptake of FDG in this region can be masked by high brown fat metabolism, as 
shown in Fig.  18.3 . Given that mice thermoregulate by tail blood fl ow [ 13 ], it is 
especially important to keep animals warm if measurements or injections are going 
to make use of the tail vessels. In vivo metabolism is altered by hypothermia and 
can lead to variable or uncertain results depending on the conditions before and dur-
ing uptake and imaging. There are also strain variations to consider, as different 
strains have differing responses to temperature, perhaps most obvious being nude 
mice, which do not have any insulating fur to help with temperature control [ 14 ].

   Unlike lower temperatures, biological systems are rarely tolerant of high tem-
peratures. Elevation of just 3–4 °C above normal is suffi cient to denature proteins 
and cause heat shock [ 15 ]. For this reason, it is imperative that animals be carefully 
protected from overheating. Proper control requires monitoring of temperature to 
prevent overheating in any type of heating system. This is particularly important if 
the heating and sensing systems are separate, as would be the case if a thermocouple 
is used to sense the heat from a separate heating source. Thermocouples may work 
fi ne if the heating system is diffused before contact with the animal or well coupled 
to the heat source. One method that works well for certain cases is to use a resistive 
wire heating element, where the heat is applied and the temperature sensed by resis-
tance from the same wire. This type of circuit enables precise control without over-
shooting the set point for the desired temperature. The precision and accuracy of 
control with resistive wire heating and quick equilibrium of animals to surrounding 
temperature also means that invasive thermocouple measurements are not neces-
sary, saving cost, time and the potential to contaminate or damage the animals. 
Another heating method is the use of warmed air, often used with MRI systems. Air 
works well in a confi ned space such as the MRI gantry, however it does not carry 
much heat and can lead to dehydration over long usage times.  
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4     Injection Methods 

 Animals can be injected using a variety of methods, from needles and catheters 
inserted into blood vessels, oral gavage, retro-orbital insertion and even by transder-
mal hypo spray [ 16 ]. Imaging agents are most commonly injected into the venous 
system via tail or leg veins (iv) or using intraperitoneal (ip) injections as shown in 
Fig.  18.3 . Delivery can be as a single bolus pulse, or by infusion or sometimes is given 
as a bolus-infusion so as to reach a steady state in tissue [ 17 ]. The method used depends 
in the particular experiment and all have their advantages and disadvantages. 

 Tail vein injections are the most common with rodents, while other species such 
as rabbits have ear veins well suited for injections. Mouse blood vessels are very 
small, and many people struggle to inject imaging probes even in the readily acces-
sible and visible tail vein. Venous injections are a quick and effective way to deliver 
imaging probes and contrast agents directly into the blood stream. Veins are often 

  Fig. 18.3    PET/CT images of FDG uptake in a nude mouse.  Left  mouse is warmed prior to and 
during imaging, showing uptake in tumor and bladder. Mouse on  right  was not warmed and shows 
strong brown fat uptake in shoulder regions       
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near the surface of the skin and have thin walls and lower blood pressure, making 
them capable of distension to fi t a comparatively large needle or catheter inside the 
vessel. Removal of the needle or catheter is not likely to cause any signifi cant blood 
loss, unlike arterial punctures. Rats pose a bit more of a challenge for injection in 
the tail since the tough skin is relatively thick, so a small incision can help for get-
ting good access to the tail vein. 

 Tail vein injections can be done under either conscious or unconscious condi-
tions, as shown in the lower images of Fig.  18.4 . Conscious injections require 
restraint, either by holding the animals or using a mouse holder. Awake animals 
have higher blood pressures, so vessels are easier to fi nd, however animals often 
fl inch when needles are inserted and this can cause diffi culties with injections. 
Conscious injections can also cause stress in both the animal and investigator if 
there are any diffi culties, mainly due to lack of experience. Unconscious uptake is 
challenging due to the lower blood pressure and reduced fl ow, but the advantage is 
that there is less stress, a sense of more time available and the tail can be heated to 
improve blood fl ow. The choice whether to use anesthesia for injections also 
depends on whether conscious uptake is needed to minimize the physiological 
effects of anesthesia (see Fig.  18.2 ).

   With any tail vein injection, there is always a certain amount of extravasation, 
where some injection solution is left in the tissues surrounding the injection site. 

  Fig. 18.4    Injection methods commonly used;  Top Left : Proper grip for holding mice,  Top right : 
intraperitoneal injection,  Bottom left : conscious tail vein,  Bottom right : unconscious tail vein       
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This remaining solution is not bio-available through the bloodstream and usually 
should not be included when considering how much activity was injected into the 
animal. The amount can be trivial for a good injection, or quite substantial if the 
injection was not done properly. For this reason, it is much more accurate to image 
the entire body and calculate the activity within the animal based on the image data, 
rather than use the amount of activity drawn into the syringe. Using the image-based 
activity also avoids needing to calculate and convert injected activity or image count 
rate data into the same unit of measurement. One must be careful however when 
using images to calculate injected activity, since if the animal eliminates some of the 
activity through urine or feces, the image data will not be accurate. Other studies 
involving longer lived isotopes imaged over several days will require using the 
syringe-based activity measurement, unless images are acquired immediately 
following injection. 

 One limitation with the use of small animal such as mice is the small blood volume. 
The safe limit for either injection or removal of blood is about 10 % of the total vol-
ume, which for mice can mean a restricted volume of ~200 μl [ 18 ]. Removing more 
than this volume can leave mice anemic and alter the physiology in a variety of ways. 
Injecting too much volume can cause fl uid buildup in the lungs and cause temperature 
shock if the injection solution is not warmed. The volume limitation may mean that 
the concentration of imaging agent used for humans is too dilute, so it may be neces-
sary to concentrate the activity in order to have suffi cient signal in a small volume. 

 Arterial blood is often preferred for sampling radioactivity over time, since it 
contains the activity presented to tissues for uptake. Venous blood has passed 
through the capillary bed and may contain less activity, metabolites or if the probe 
is fi rst pass extracted, nothing at all. Arterial injections are sometimes useful, since 
the blood is directly delivered to any downstream tissues without fi rst passing 
through the heart and lungs. The relatively thick muscle walls of arteries make it 
more diffi cult to penetrate without going through the far side of the vessel. The 
thicker walls also mean there is less distension of the vessel to accommodate a 
needle or catheter. One potential drawback of inserting an arterial catheter is that 
usually the artery needs to be cut and the catheter tied into place to prevent it slip-
ping out over time. This means the artery is completely blocked and often tied off, 
thus there is no blood fl ow in the vessel except when sampling through the catheter. 
Cutting the artery is also usually considered a terminal experiment, so only a single 
use is possible for each animal. 

 Subcutaneous (subQ) and ip injections are very simple and relatively easy to do. 
If large numbers of animals are used, this is a quick effi cient way to make sure ani-
mals are injected and makes it easy to stick to a schedule. Few probes are injected 
this way, in part because many may remain in place, or take considerable time for 
the lymphatic system to move the probe into the bloodstream. With ip injections, 
there is also the risk of puncturing the bowel or bladder, which may cause the probe 
to stay in the wrong region and can cause health problems for the animals. 
Nonetheless, if speed of delivery is not a crucial factor, these injection methods are 
the simplest and most reliable methods to inject animals, provided the imaging 
agent moves out of the skin or ip cavity and into the bloodstream. 
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 Retro-orbital injections or blood sampling is a method whereby the blood vessel 
rich area behind the eye is used to sample or insert imaging agents. While effective, 
this is hard to do inside an imaging system and often is restricted to only once every 
2 weeks. The amount of volume that can be inserted or removed is very limited and 
blood sampling has the potential to cause infection and blindness. Similar to ip 
injections, in the hands of a skilled worker this technique can be done quickly and 
safely in large numbers of animals. 

 Oral gavage is a method where a syringe with a short tube is used to insert con-
trast agents, drugs and imaging probes directly to the stomach. Oral contrast deliv-
ery is needed for upper GI tract imaging using CT. Gavage subjects the drugs and 
probes to the digestive process, which may alter the molecules before they enter the 
bloodstream. In humans, taking drugs orally is the preferred method, primarily to 
avoid injections; therefore it is often useful to test out how well the compound gets 
into the bloodstream via the GI tract. There may also be a preference to use gavage 
for daily or frequent dosing, since it does not adversely damage the vascular system, 
which might be needed for injection of imaging agents. 

 Regardless of the injection method used, a well lit warm location is needed for 
injecting animals. Any support equipment required should be easily at hand, 
including alcohol wipes, needles and syringes, waste disposal containers, anesthe-
sia control and a comfortable work environment. If immune compromised animals 
are in use (see section below), then the injection area is best located inside a bio-
safety cabinet, as shown in Fig.  18.5 . This fi gure shows an experiment in process 
where animals are fi rst anesthetized, then injected, then held under anesthesia for 
~45 min, then placed into an imaging chamber for subsequent PET and CT imaging. 
At any one time, there may be up to eight animals in the process of being imaged, 
thus a well laid out and easy to use facility is essential given the challenging logistics 
of juggling so many tasks.

   When mice are placed in an induction box and exposed to gas anesthesia, they 
tend to run around and get all mixed up, making it hard at times to keep track of 

Heating plate
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Dose carrier
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waste line
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pre-injection

Heating plate control
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  Fig. 18.5    Short imaging times following a period of uptake and clearance result in multiple mice 
at various stages of the injection and imaging process. This image shows mice in many stages, 
including anesthesia induction, injection, uptake and prepared for imaging       
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which animals have and have not been injected. Ear tags interfere with CT scans and 
animal marking tend to fade or may be hard to see, which can make it diffi cult to 
identify specifi c animals. This could easily lead to animals being injected twice or 
not injected at all. A simple solution is to have two induction boxes; one for animals 
being induced and a separate box for animals following injection. Since injected 
animals are already anesthetized, they do not move and can easily be laid out in the 
order in which they will be imaged. For conscious uptake studies, a separate clean 
cage for injected animals can be used to easily separate the animals; however care-
ful marking will be needed to ensure that animals are imaged in the proper order. 
Simple, easy to follow solutions such as two induction boxes, simple on/off switches 
for heating and anesthesia, along with having all the necessary support equipment 
immediately on hand are the key to successful experiments.  

5     Animal Access 

 During imaging experiments, usually animals are placed inside a space that is par-
tially or completely enclosed. The enclosure may be present to keep out light (opti-
cal), contain radiation (CT) or the imaging detectors may be placed close to the 
animal to obtain the best possible image data (PET, SPECT, MRI). When imaging 
times are short, as with most optical methods, there may be little or no need to 
observe or otherwise have access to the animals. With longer imaging times, it is 
very important to observe the respiration and sometimes also heart rate to monitor 
the animal’s physiological condition. These observations can be made by eye or by 
remote sensing systems (see section on gating below). Depth of anesthesia is some-
thing best checked every 10–15 min, both to ensure the animal is still alive and well, 
and to moderate the anesthesia dose. Typically the longer the animal is under anes-
thesia, the less anesthetic concentration is needed to keep the animal from moving. 
Depending on the heating system employed, monitoring of animal temperature may 
also be required. 

 Dynamic imaging is where animals are injected within the imaging system and 
imaged continuously for a period of time to observe changes in the probe biodistri-
bution. This allows the fast temporal changes associated with delivery and early 
metabolism or elimination to be observed. Injecting within the imaging system is a 
task that may be simple or complex, depending on the ability to access the animal 
within the gantry. Direct injection using a needle is often extremely challenging in 
tight confi ned spaces, so most dynamic imaging is done using a short catheter 
inserted to a vein and connected to a syringe. The catheter has a certain volume 
based on the length and diameter of the tubing, termed the dead volume, which is 
not injected unless followed by a fl ush with saline. Often fl ushing is impractical, 
since it leads to a double-pulsed injection and it can be diffi cult to change syringes 
or have a switch that does not add its own considerable dead volume. In some cases 
a syringe pump can be used to inject the imaging agent; however it may be diffi cult 
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to have the pump close to the animal, leading to long catheter lines that may be fi lled 
with radioactivity. The dead volume in the syringe and tubing should be minimized to 
reduce radiation scatter and background, especially if they are left in place during 
imaging. Often it is best to leave the catheter in place after the injection; otherwise the 
pressure in the tubing and from the animal’s blood pressure can cause blood and the 
injection fl uid to drip or spill on the animal or surfaces within the imaging volume. 

 During the imaging time, it may be necessary to sample the blood to measure 
radioactivity, metabolites and blood concentrations of endogenous competitors to 
the imaging probes, such as glucose for FDG or thymidine for FLT. These endoge-
nous molecules compete with the imaging probe for tissue uptake and may need to 
be measured to increase the accuracy of the measurements. As with injections, 
access to the animal for sampling can be challenging, especially in enclosed sys-
tems. If the animal is accessible, it may be possible to draw blood using catheters 
inserted before imaging or by nicking the tail vein and drawing off a small sample. 
A number of researchers have developed microfl uidic sampling devices, which use 
a catheter to take small and sometimes frequent of continuous blood samples during 
the imaging process [ 19 ,  20 ]. 

 When experiments last more than 60–90 min, it is advisable in mice to provide 
saline or Ringer’s lactate to prevent dehydration. A simple method is to inject a 
small amount, ~100 μl, as a subQ injection between the shoulder blades just prior to 
imaging. Careful consideration is advised, since too much saline may lead to urina-
tion during imaging, which may cause artifacts or complicate the image analysis if 
the probe is excreted through the urine.  

6     Circadian Rhythm Effects 

 It is well known that circadian rhythm alters the physiology of all animals [ 18 ], 
however the effect on imaging agents is not well understood. Rodents are nocturnal, 
thus imaging during the daytime when humans are active may have different results 
compared with imaging at night. Glucose levels, amino acid concentrations and 
even enzyme expression are known to follow a day/night cycle [ 18 ]. A simple way 
to avoid this is to conduct the experiments at approximately the same time of day 
when acquiring multiple measurements. Another alternative is to reverse the day/
night cycle by changing the lighting sequence used within the vivarium. 

 In some cases, it appears that anesthesia may create an overriding physiological 
change, thus masking circadian effects [ 21 ]. While anesthesia may mask effects for 
FDG using PET, enzymatic expression cycles are less likely to be overridden since 
the time scale to change enzyme levels is longer than the glucose/insulin feedback 
cycle. This has implications for optical imaging using Luciferin/Luciferase, since 
work has shown substantial changes in enzyme expression based on time of day [ 22 ]. 
Research has shown that the cyclical nature of normal fl uctuations of  endogenous 
amino acids can alter PET probe uptake by competition for transport [ 23 ].  
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7     Reproducible Positioning and Multimodality Imaging 

 Most imaging systems have a central position within the fi eld of view where resolu-
tion and/or sensitivity have the best values. The goal therefore is to put the area of 
interest to be imaged into this region, however there is often a trade-off if the goal 
is to survey the whole body or to examine two structures at once. One example is the 
desire to look at the brain for probe uptake, while at the same time imaging the heart 
to obtain image-based measurements of the left ventricular blood pool to use as an 
input function for kinetic modeling. For a mouse, the distance between brain and 
heart is small and it might not be a problem to see both regions, depending on the 
axial extent of the fi eld of view. Often with brain imaging, the limited resolution in 
PET or SPECT requires the use of larger animals, such as a rats or small primates. 
Centering a rat between heart and brain may move both structures into positions of 
lower sensitivity and image quality, making the desired fi ndings diffi cult to obtain. 
In this case, a series of multiple short acquisitions alternating over each structure 
might be a better option. Some systems also offer automated continuous bed motion, 
moving the animal back and forth between specifi ed start and end positions, which 
can provide a more uniform sensitivity over the entire image [ 24 ]. 

 For multimodality work involving two or more imaging methods, there are two 
types of positioning methods possible: single gantry and separate systems. A single 
gantry, or two systems rigidly connected together, requires only one positioning of 
the animal within an environmental support system. The animal is then imaged in 
the same location for both modalities or shuttled between imaging areas without 
removing the animal from the support or chamber. Shuttling of animals between 
positions is common for PET/CT, since the ring geometry of PET scanners does not 
easily allow space for the CT source and detectors, thus these two modalities are 
usually located adjacent to each other and require moving the animal from one loca-
tion to another. The advantage with single gantry systems is that the animal is only 
placed in position once and in most cases the images can easily be co-registered 
from both systems. The best way to ensure that the animal position and physiologi-
cal state is the same for both imaging modalities is to acquire simultaneous data, 
which is possible using SPECT/CT and PET/MRI systems. The disadvantage of a 
combined system is often little or no access to the animal for injections, blood sam-
pling or monitoring of the animal’s heart or breathing rate. This makes monitoring 
the health status of the animal diffi cult unless connected to heart and respiratory 
monitors. Although relatively easy to use monitoring systems are now available, 
their use adds to the complexity of the experiments and they may interfere with data 
acquisition. Electrical fi elds and more than tiny amounts of metal can cause artifacts 
in MRI and CT images. 

 The alternative option to an enclosed single gantry is the use of separate imaging 
systems, which requires the use of a common chamber or platform for animal sup-
port that can be used in both systems [ 11 ]. The advantage is that visibility and 
access can be very good for animals imaged in large bore PET systems, while the 
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limited access in an enclosed CT or MRI system may not be a problem if acquired 
after the PET scan. MRI and CT systems effectively isolate the animals from the 
investigators due to the long bore and shielding, however some PET and SPECT 
systems allow better access while imaging since they are not always completely 
enclosed. A trade off for PET and SPECT is that by bringing in the detectors closer 
to the animals, the sensitivity is improved and the system costs can be reduced. The 
choice of using a small or large bore PET scanner depends on the need for animal 
access or upon the availability of systems that enable monitoring and sampling 
using remote control. 

 Using separate systems can be challenging, since the animals must be accurately 
and most importantly be precisely placed within the systems in order to match the 
locations for the fused images. There is always the risk of changing the animal posi-
tion during the move between imaging systems. A blind co-registration without 
using the image data to align the two image sets is often essential, since the ana-
tomical information in CT and MRI may not have much, if anything, in common 
with the metabolic information within the SPECT or PET images. Coregistering the 
two image volumes, then using a fi xed or known bed position for every scan allows 
the use of fi xed reslice parameters to fuse the two images [ 25 ]. Another alternative 
is to use fi ducial markers to align the images, however this may add unwanted signal 
within the data, be expensive or diffi cult to use routinely and adds complexity that 
might be avoided by using a well-designed chamber system. Fiducial markers also 
need to be replaced as the radioactivity source decays. 

 Several companies make imaging chambers and two examples are shown in 
Fig.  18.6 . For 2D optical imaging, a fl at surface is needed for the camera to see the 
light with minimal distortion. PET, CT and MRI work are best served with a rota-
tionally symmetrical chamber to minimize any artifacts within the images. Chamber 
materials must be suitable for the particular modalities, such as non- phosphorescent 
for optical, no metal for CT, non-magnetic for MRI and low density for PET. 
Environmental support requirements typically require heating, positioning, anesthe-
sia and temperature control, plus the ability to sterilize the surfaces.

  Fig. 18.6    Environmental chambers developed for PET/CT ( left ) and optical bioluminescence or 
fl uorescent imaging ( right )       
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8        Respiratory and Cardiac Gating 

 For some experiments, measurements of respiratory or cardiac motion may be 
desirable. Numerous systems are now available that can accurately monitor the 
relatively high heart and breathing rates found in rodents. Typical resting rates in 
mice can run as high as 600–700 beats per minute (bpm) [ 26 ]. Human and primate 
pulse oxymeters typically have a maximum of 250 bpm, thus are not suited for 
rodent work. 

 Heart and respiratory rates can be measured using several different physical 
means. Needles inserted under the skin have been used historically to provide elec-
trocardiogram data. While this method works well, the presence of metal needles 
and wires may not be suitable for some imaging methods, such as MRI or CT. 
Carbon electrodes are a non-ferrous alternative, which are not magnetic and do not 
cause signifi cant image artifacts in PET, CT and MRI images. Tail cuffs use a pres-
surized ring around the tail, however they are not well accepted by many investiga-
tors, mainly because tail blood fl ow is directly linked to mouse temperature and thus 
can be highly variable [ 13 ]. Perhaps the easiest system to use is a red light emitting 
diode and detector, used commonly for humans and primates. The light and sensor 
can be attached using spring clips, adhesive gauze, tape or other methods. 
Occasionally there can be problems getting a signal, especially when there is dark 
skin or too much light shining on the sensor, but this type of sensor is often very 
easy to use and provides good results without any invasive requirements. 

 The close link between anesthetic depth and respiratory rate means that the 
breathing rate needs to be monitored frequently and the anesthesia concentration 
changed as needed. This means that the breathing rate is not constant during an 
experiment, so a measurement system is needed that creates a signal for each breath 
and be recorded along with the image data. Similarly, the heart rate also changes 
with anesthetic depth. 

 Many imaging systems have the ability to accept heart rate and breathing data 
through an electrical connection. The signal can trigger acquisition of data, or be 
included into the data stream for later processing. Images can be created where the 
respiratory and/or heart cycle can be divided into multiple parts. Similar to dividing 
up time into a series of frames, the cycles can be divided into a series of gates, hence 
the term gated imaging. Dividing the data into separate gates results in larger data 
sets, and reduces the data events in each image. This may be important, since too 
many partitions of the data can result in very noisy and very large datasets. Under 
complete anesthesia sedation, the inhalation phase is about 1/4th or less of the respi-
ratory cycle; so eight gates can describe the respiration motion reasonably well [ 27 ]. 
Light anesthesia can result in much more rapid breathing, as much as 2–3 per sec-
ond, thus might require a fi ner sampling period. With deep anesthesia and little time 
spent in the inhalation phase, many people do not bother with respiratory gating as 
it may only provide minimal improvement in image data. The motion associated 
with breathing can be quite large if the animal is over anesthetized and exhibiting 
agonistic breathing, which is the gasping or large inhalation of air. Proper depth of 
anesthesia is therefore called for to reduce respiratory motion. 
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 Heart motion is fairly small, however gating can be used to separate systolic 
(contracted) from diastolic (relaxed) phases of the cardiac motion as seen in 
Fig.  18.7 . Gating improves the visualization of both the cardiac wall and blood 
pools in the left and right ventricles and is particularly important for minimizing 
spillover and partial volume effect if the left ventricle blood pool is being used to 
derive the blood time activity data [ 28 ].

   Unlike heart motion, respiratory motion can be controlled or eliminated by intu-
bation and ventilation of the animals. A tube is inserted into the airway and a cuff 
infl ated to block off any airfl ow around the tube. Using a pump, either air, oxygen 
or other gas mixtures can be forced in and out of the lungs. This approach enables 
controlled respiratory motion. The ventilation unit can trigger imaging, where data 
can be acquired during breath hold or at specifi c phases of the respiratory cycle. One 
interesting approach is high frequency oscillatory ventilation, where the equipment 
can bring in fresh gas and remove carbon dioxide without moving the animal at all 
[ 29 ]. This unique approach offers continuous ventilation without motion, which can 
be useful for long imaging times. The short tubing and magnetic pump does create 
some diffi culties for use in certain imaging systems.  

9     Immune Compromised Animals 

 Oncology research has greatly benefi ted from the creation of mice missing part or 
all of their immune system, which enables human tumors to be implanted and grown 
without rejection by the mouse immune system [ 30 ]. Nude hairless mice and rats 
are missing the thymus and ability to produce T cells. Severely compromised 

  Fig. 18.7    Heart FDG images in a C57 mouse.  Top row : transverse images of non-gated, diastole 
and systole.  Bottom row : coronal view of the same data       
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immune defi cient or SCID mice also do not have a thymus and additionally are 
unable to create B cells and have a defect in chromosome 16 that inactivates the 
DNA repair mechanism. Given the partial or complete lack of immune function, 
these animals are subject to illness unless protected under barrier conditions from 
environmental pathogens. These animals pose a special challenge to molecular 
imaging, since it is advisable to maintain the barrier conditions throughout all steps 
of the imaging process. 

 One option to control pathogen exposure is to have all the imaging work con-
ducted in a clean environment, such as biosafety level 3 (BSL3) conditions or a 
clean room. This poses a challenge since humans have to carefully garb and contain 
themselves, plus it is diffi cult to disinfect the imaging systems between groups of 
animals. Service contract costs can become extremely expensive in BSL3 condi-
tions and access for system repairs may be a problem for service personnel who 
visit multiple sites. BSL3 conditions may be required for infective and dangerous 
agents; however immune compromised animals need only be protected from expo-
sure to pathogens if they do not contain biohazardous or carcinogenic agents. 

 Recently the author’s university changed policy to reclassify human tumor xeno-
grafts from BSL1 to BSL2, which now requires additional safety requirements for 
housing and handling of these animals. The potential presence of biohazards such 
as herpes, AIDS or other blood borne pathogens, while perhaps not a threat to 
rodents, does represent a hazard to personnel handling these tissues. There is no 
widespread consistent interpretation about how xenograft tissues are treated, thus 
the requirements may differ concerning acceptable handling and environmental 
controls required. In some cases, the requirement of BSL2 conditions may require 
considerable and impractical changes to how things might have been done under 
BSL1. There are also AAALAC accreditation requirements that specify separate 
storage of BSL1 and BSL2 animals, which depending on the housing situation 
might be simple or very diffi cult to implement. 

 For immunocompromised work, a simpler solution is to contain the animals 
within imaging chambers (see Fig.  18.5 ) [ 11 ]. Animals can be handled, injected and 
prepared within biosafety cabinets, then imaged using sealed or positive pressure 
chambers. There are additional advantages of using chambers beyond pathogen 
control, including the ability to control heating, reproducibly position animals, abil-
ity to provide a constant level of gas anesthesia and providing a platform for imag-
ing in multiple modalities.  

10     Biohazardous and Infective Work 

 Unlike immune compromised research, where positive pressure is necessary to keep 
animals safe from the environment, animals containing biohazardous, carcinogenic 
or infectious agents must be isolated to protect people. These procedures require 
sealed or negative pressure containment. If the chambers are sealed and a BSL3 room 
is located nearby, it may be possible to assemble animals containing infectious, 

D.B. Stout



511

carcinogenic or other biohazardous materials into chambers, disinfect the outside of 
the chamber, and conduct the imaging experiment in a BSL1 or BSL2 imaging facil-
ity. This approach allows the imaging systems to remain in an open environment and 
removes the need to disinfect the systems between different types of use. 

 Animals of different biosafety levels might not be allowed to be mixed together 
in the same space, which can cause some diffi culty with housing, procedure areas 
and imaging. Chambers and separate preparation rooms may allow for multiple 
types of use; however the facility design and protocols for imaging work must be 
carefully determined to ensure this type of mixed use is allowed. It may be neces-
sary to have separate housing and procedure spaces to enable the fl exibility of imag-
ing multiple types of biohazardous agents. Alternately, BSL1 animals might be 
allowed in a BSL2 environment if treated as if they were BSL2 level animals. 

 The creation of genetically altered animals often makes use of viral vectors for 
inserting genetic material [ 31 ]. These vectors are usually replicate incompetent; 
however they still require isolation and treatment as if they were infective for sev-
eral days, depending on the viral agent. Many of the chemotherapeutic agents used 
to treat cancer are actually carcinogenic, thus are biohazardous agents and require 
special handling for injections and animal storage. Even though the amount of drug 
used is miniscule and large quantities are put into patients every day, protection 
strategies are required to keep personnel safe from exposure. In some cases 
microisolator cages can be used to house carcinogenic and biohazardous animals in 
a common vivarium with uninfected animals. More often however there is a require-
ment that these animals be kept isolated in a separate space, necessitating an addi-
tional room for housing. The procedures area where the viral vectors and 
biohazardous materials are used will require a ducted fume hood or biosafety cabi-
net, controlled access to the room and usage requirements equal to or greater than 
biosafety level 2 containment requirements.  

11     Contrast Agents 

 In a broad sense, any imaging agent can be considered a contrast agent, since it is 
the difference between a specifi c signal and the background or reference tissue that 
provides the measured value. More commonly, contrast agents are defi ned as the 
agents used to distinguish anatomical structures when imaging with an anatomical 
system such as MRI or CT. For MRI, Gadolinium, Manganese and Iron are fre-
quently used to give positive contrast in T1 images, while superparamagnetic iron 
oxides are used to create negative contrast. In CT, Iodine or Barium are used to cre-
ate a higher density to visualize blood vessels and blood fl ow rates. 

 Preclinical imaging using CT poses a challenge when contrast agents are needed, 
as imaging can take from many seconds up to hours to acquire the data. Human CT 
systems and angiography studies are very rapid, requiring times of only a few sec-
onds. In humans, contrast agents are injected rapidly at high concentrations and last 
only a few seconds. There is little persistence of the agents as they are quickly 
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diluted and stop being useful very quickly. The long imaging times for preclinical 
systems mean that commercially available CT contrast agents for humans are 
unlikely to work for preclinical experiments. Fortunately, a number of long lasting 
agents are now available, which include Fenestra [ 32 ] and Exia [ 33 ], both of which 
have been characterized in mice. These agents are liposome encapsulated iodine 
agents, which depending on the surface treatment can target liver and spleen or 
remain in the vascular system, as seen in Fig.  18.8 .

   Care is required in the use of these CT agents, as the temperature and rate of 
injection can adversely affect the animals. At high concentrations these agents can 
be toxic, thus it is advisable to use only enough to achieve the desired minimum 
contrast in the images, typically 100 μl or at most 200 μl. Given that these agents 
last hours or days, and may require some time to reach peak effectiveness, a slow 
injection over a minute or two is much safer than a fast bolus injection. CT contrast 
agents have rather limited applications and are not currently in widespread use.  

12     Diet 

 What animals are fed and when they eat can alter the images obtained using various 
modalities. With CT, there are often small bits of metal in the chow pellets, which 
come from the grinding process of the feed stock processing. These particles may also 

  Fig. 18.8    Mouse CT images with no contrast ( left ), vascular Fenestra VC ( middle ) 10 min after a 
100 μl injection and Fenestra LC showing liver and spleen ( right ) at 10 mg/kg after 2 h uptake       
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affect MRI studies. The chlorophyll that makes rodent chow green is also a natural 
fl uorophore, thus adds a signal when imaged using fl uorescence optical methods. 
Switching to a chlorophyll free diet has been shown to eliminate the signal associated 
with chow, leaving the GI tract and abdominal area with a lower background signal 
and improving the ability to see fl uorescent signals in these regions [ 34 ]. 

 Fluorodeoxyglucose, FDG, is a frequently used PET imaging probe that is taken 
up by glucose transporters and phosphorylated by the hexokinase enzyme. 
Endogenous glucose competes with FDG for uptake, thus the amount of FDG sig-
nals is inversely proportional to glucose levels in blood [ 35 ]. Glucose levels are in 
turn linked to both time of day and feeding cycles [ 18 ], thus the fasting state of the 
animals will alter glucose and FDG uptake measurements. A special case is present 
with cardiac imaging, where the heart preferentially uses glucose, but under fasting 
conditions can switch to fatty acids as an energy source. Fasting the animals can 
actually turn off the heart FDG uptake [ 36 ], and also lower tumor signals [ 2 ,  37 ]. 
This may be a benefi t for pulmonary work, but could be a detriment for cardiac 
imaging. For this reason, it is important to measure glucose levels in animals when 
imaging with FDG, so the image data can be normalized for endogenous glucose 
levels to remove some of the measurement variability. Mouse plasma glucose con-
centrations average about 100 mmol/l [ 18 ], however stress and other factors can 
easily triple this concentration, leading to substantial changes in FDG uptake. 

 Many imaging probes are taken up by transporter systems and are subsequently 
phosphorylated or metabolized into a molecule that is trapped in tissue, creating a 
signal as the uptake occurs and the background activity is washed away. Any endog-
enous molecules that would normally use those transporters and enzyme pathways 
would compete for the probe, thus changes in their concentrations would inversely 
affect probe uptake. One example is the competition of FDOPA for uptake into the 
brain with the plasma large neutral amino acid concentrations [ 23 ]. These amino 
acids vary based on diet and time of day. Another PET imaging probe subject to this 
effect is fl uoro- l -thymidine (FLT), which is an amino acid analog subject to the 
same large neutral amino acid transport system as FDOPA.  

13     Database and Archival Strategies 

 Images are only pretty pictures, unless provided with information about what they con-
tain. Details of the imaging process need to be recorded and archived, such as the probe 
used, injection time and amount, processing details, anesthesia parameters, glucose 
levels and other associated meta data. By including information such as the people 
involved, time required, investigator name, recharge numbers, animal and radiation use 
authorizations, the database can be used to track usage and generate reports for radia-
tion and animal use, billing statements and allows tracking of the operations within an 
imaging center. If web based, then investigators can be given password protected 
access to this data, enabling them to call up records from their lab on any computer. 
Web-based systems are also useful for viewing and modeling kinetic rate constants [ 38 ]. 
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 Tracking image data can be fairly simple by using a unique session identifi cation 
number, which can be generated by many methods, from a simple table in a spread-
sheet to a web-based database system. It may also be helpful to create animal iden-
tifi cation numbers, since each animal may be imaged multiple times. The creation 
of a data record to be fi lled out as the imaging experiment progresses is often one of 
the fi rst steps in starting an experiment. 

 An archival strategy is essential for an imaging center, regardless of how the data 
is stored. Imaging systems typically have a single hard drive for collecting data that 
does not have any redundancy for data preservation if the drive fails. Computer 
systems can also slow down considerably as the hard drive becomes full. Best trans-
fer times and least chance of data loss can be achieved by archiving data and empty-
ing the acquisition computer drives each day. 

 Several options exist for storing and retrieving data, which include a web-based 
retrieval system, network storage drives, DVDs, USB drives, tape and external hard 
drives. However the data is stored, a process to track, create, store and retrieve the 
data is necessary. Using the web or network via ftp server is a convenient way to 
enable the users of the center to obtain their data from any location for local pro-
cessing. It also prevents any loss of data or physical archival media, since nothing 
physical is exchanged. The archival site can also be used to make software for image 
analysis easily available to investigators.  

14     Summary 

 How animals are injected, handled and imaged has a profound effect on the result-
ing data, thus it becomes imperative that care is taken to minimize, measure or 
control these factors. While the array of factors and options might appear over-
whelming, once these issues are understood, it is relatively straightforward to create 
an environment and procedures optimized to support the creation of the best possi-
ble data. Most imaging work is fairly routine, with only minor changes or the addi-
tion or subtraction of certain measurements. The ability to have various procedures 
ready to use and pre-approved helps greatly in many ways, from obtaining oversight 
approvals to writing methods in publications. Certain measures can be taken for all 
studies, such as heating and anesthesia, whereas others can be a toolbox of options 
available as resources to investigators. Wherever possible, solutions are best inte-
grated into the procedures in ways that make it easy and simple for the investigator 
to carry out their research. Careful attention to detail will result in data with less 
variability, therefore capable of fi nding signifi cant changes using fewer animals and 
with less work. The savings in cost and time are well worth the effort.     
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1            Introduction 

 Next to genetical testing and behavioural observations, neuroimaging studies are 
increasingly performed on primates and rodents to model a variety of human dis-
eases and traits. Animal models of brain disease are available for all major neurode-
generative diseases, epilepsy, stroke, but also psychiatric diseases such as anorexia 
nervosa, obesity, depression and anxiety [ 1 ]. 

 Most commonly, animal models of brain disease are used to elucidate the mech-
anisms underlying the human condition and to translationally evaluate pharmaco-
logical, behavioural or other treatments for the disease. There are at least two 
criteria that an experimental model must satisfy: (i) reliability and (ii) predictive 
validity. Even though also other types of validity such as construct, etiological, 
convergent, discriminant and face validity are relevant to animal models (for an 
overview see [ 2 ]), predictive validity and reliability are the only necessary and suf-
fi cient criteria that will justify the model’s use for a particular application. Briefl y, 
(i) reliability refers to the consistency and stability with which the disease variables 
are observed; (ii) predictive validity incorporates specifi city of responses to treat-
ments that are effective in the human disease. Undoubtedly, the more types of valid-
ity a model satisfi es; the greater its value, utility and relevance to the human disorder 
or condition. 

 Developing models that fully mimic human neurological or psychiatric  disorders 
is in many cases troublesome. Preclinical studies often need a choice between 
models that reproduce cardinal pathological features of the disorders by 
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mechanisms that may not necessarily occur in humans versus models that are based 
on known pathophysiological mechanisms but may not reproduce all the features 
seen in patients. 

 Neurological and psychiatric models can be subdivided in three groups on the 
basis of the underlying mechanism: (i) genetically engineered; (ii) pharmacology 
based; or (iii) produced through advanced biotechnology such as viral vector tech-
nology. They may encompass several species, both primates and rodents. The use of 
mice in functional neuroimaging research is limited by the small size of the brain 
compared to the resolution limitations of current preclinical imaging systems. 

 The most commonly applied neuroimaging techniques for studying in vivo dis-
ease models are positron emission tomography (PET), single-photon emission com-
puted tomography (SPECT) and magnetic resonance imaging (MRI), each of which 
has its own advantages and disadvantages (see Chaps.   4    ,   5    , and   7    ). In this chapter, 
we will focus on how functional imaging technologies (PET and SPECT) have 
advanced our understanding of human neurological and psychiatric diseases. In par-
ticular, we will focus on the role of these techniques in evaluating models of 
Parkinson’s disease, Huntington’s disease, Alzheimer, epilepsy, stroke, addiction, 
depression, mania and eating disorders. 

 In general, the development of dedicated small-animal PET/SPECT systems 
offers the ability to study in vivo molecular changes during (i) normal development, 
(ii) biological processes and responses, and (iii) disease initiation and progression. 
As such, they may provide surrogate markers and allow assessment of therapeutic 
interventions by using serial scans over an extended period in the same animal. 
Selective radioligands for many neurotransmitter receptors [ 3 ] and other cellular 
proteins [ 4 ], which act as enzyme substrates [ 5 ] or allow the interference of neuro-
nal function [ 6 ], are available. 

 PET imaging offers certain advantages over SPECT including: the acquisition of 
relatively fast dynamic data (order of seconds) and the potential to quantify these 
observations [ 7 ]. The spatial resolution when compared to structural imaging tech-
niques such as MRI, is relatively limited, with the highest resolution scanners today 
giving at best 1–2 mm full width at half maximum (FWHM). The sensitivity of 
dedicated SPECT is typically an order of magnitude lower than PET. The spatial 
resolution of state-of-the-art preclinical SPECT scanners can be as low as 0.35 mm, 
although a trade-off between sensitivity and resolution is always needed [ 8 ,  9 ]. 
However, the detection of pico- and femtomolar concentrations of radioligand is 
feasible with both PET and SPECT [ 10 ]. 

 When designing or performing in vivo small-animal studies of the brain, the fol-
lowing methodological issues must additionally be considered:

•     Motion prevention: 

 –    Immobilizing the animal in the PET/SPECT scanner is the fi rst issue that has 
to be taken into consideration. Although systems and procedures have been 
developed to use awake monkeys in PET studies [ 11 ] and dedicated instru-
mentation developed to scan rats in their living environment [ 12 ], anaesthesia 
is still the standard for ensuring immobility during in vivo imaging of 
 small-animals. A fundamental requirement of imaging is not to disturb the 
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biological system under investigation. However, in many instances, anaesthe-
sia can have several effects on the studied brain parameter. These effects are 
not predictable since changes are often of different magnitude and direction 
amongst target receptor, enzyme or transporter systems. The choice of anaes-
thetics is therefore of great importance to investigate, as it needs to minimally 
interfere with the tracer dynamics and the research question to obtain biologi-
cally valid outcomes (see Chap.   18    ). For example, the anaesthetic isofl urane 
was found to alter the expression of the plasma membrane dopamine trans-
porter (DAT) in the brain [ 13 ], excluding its use for DAT imaging. Matsumara 
et al. investigated the effect of six different anaesthetics agents on the uptake 
of [ 18 F]-FDG in the rat brain [ 14 ] and demonstrated signifi cant effects of the 
different anaesthetics agents on [ 18 F]-FDG metabolism when administered 
during the uptake period. Only when anaesthesia was started after the initial 
uptake phase, i.e. 40 min after [ 18 F]-FDG injection, did the small-animal PET 
images refl ect glucose metabolism of the conscious state, as measured with 
ex vivo autoradiography [ 14 ]. However, delaying the induction of anaesthesia 
with respect to the administration of the PET ligand is not always possible. It 
limits imaging to a static state, delays imaging protocol and negates the 
opportunity for dynamic imaging protocols that are required for fully quanti-
tative and compartmental modelling.     

•    Absolute quantifi cation: 

 –    Fully quantitative and compartmental modelling is a prerequisite for the accu-
rate determination of various biological parameters, such as receptor density 
( B   max  ) and affi nity ( K   D  ) or derived combined parameters such as binding 
potential. Kinetic modelling generally requires arterial blood sampling to cal-
culate the blood activity concentration over time (input function) [ 15 ]. 
Techniques that have been established to measure blood activity concentra-
tions in humans need to be carefully considered for animal experiments 
because the vascular access is more problematic, the blood volume smaller 
and the heart rate much higher than in humans [ 16 ]. Arterial blood sampling 
in rodents is technically demanding; requires extensive animal preparation, 
complex catheter manipulation and physiological monitoring. Besides, it 
hampers serial small-animal PET/SPECT studies over weeks or months. 
Other techniques deriving the input function from a reference tissue devoid of 
receptors [ 17 ], from images of the heart [ 18 ] or from the use of an (arterial) 
probe [ 19 ], have also been developed and could reduce the need for blood 
sampling. They are, however, highly dependent on the radiotracer used and 
the molecular target. The last two options, for example, are only feasible 
when the radiotracer does not undergo signifi cant metabolism [ 20 ], or when a 
standard curve describing the metabolism is usable.     

•    Tracer principle: 

 –    Assessment of the mass effect of injection is an additional issue, especially in 
the case of receptor imaging [ 21 ]. In human imaging studies, only a small 
chemical amount of radiotracer is injected, in the range of pico- to  microgram. 
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This dose has several advantages, including conforming to true tracer kinetics 
and giving lower or negligible toxicity. However, in order to obtain suffi cient 
count rates in the brain of small-animals, relatively high doses need to be 
injected. Indeed, in small- animal imaging, the increase in dose with increas-
ing resolution and the decrease in dose with decreasing body weight cancel 
one another. Consequently, the concentration of radioligand in the animal will 
be higher in the ratio of human to rodent body mass, potentially saturating 
vulnerable systems. In the case of binding sites of low density such as recep-
tors, the increased mass injected can lead to physiological effects and non- 
linear kinetics. One must therefore reduce the injected dose of small-animals 
as low as possible and necessary.     

•    Quantitative analysis: 

 –    By its very nature, SPECT and particularly PET are quantitative imaging 
modalities provided appropriate corrections for physical degrading factors are 
incorporated in the imaging protocol (see Chap.   17    ). The automated quantita-
tive assessment of metabolic PET data is attractive and will certainly revolu-
tionize the practice of molecular imaging since it can lower variability across 
facilities and may enhance the consistency of image interpretation indepen-
dent of reader experience. For example, the development of tracer-specifi c 
small-animal PET probabilistic atlases [ 22 ] correlated with anatomical (e.g. 
MRI) templates enabled automated volume-of-interest (VOI) or voxel-based 
analysis of small-animal PET data with minimal end-user interaction [ 23 ]. 
One such software tool was developed by Kesner et al. [ 24 ] to enable the 
assessment of the biodistribution of PET tracers using small-animal PET data. 
This is achieved through non-rigid coregistration of a digital mouse anatomi-
cal model with the animal PET image followed by automated calculation of 
tracer concentrations in 22 predefi ned VOIs representing the whole body and 
major organs. The development of advanced anatomical models including 
both stylized and more realistic voxel-based mouse [ 25 – 27 ] and rat [ 28 ,  29 ] 
models obtained from serial cryo-sections or dedicated high resolution small- 
animal CT and MRI scanners will certainly help to support ongoing research 
in this area [ 30 ,  31 ]. For neuroscience applications, a high- resolution rat brain 
was also recently developed [ 32 ].        

2     Applications in Neurology 

2.1     Parkinson’s Disease 

 Parkinson’s disease (PD) is a progressive neurodegenerative disorder, character-
ized by massive degeneration of dopaminergic neurons in the substantia nigra (SN) 
pars compacta [ 33 ]. This nigral neuronal loss leads to a striatal dopamine defi -
ciency, which is considered to underlie the most overt symptoms of the disease. 
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PD affects approximately more than 2 % of the general population over the age of 
65. The mean onset of the disease is around 60 years, although up to 10 % of those 
affected are 45 years of age or younger, referred to as young-onset PD. Clinical 
signs of PD are evident when about 80 % of striatal dopamine and 50 % of nigral 
neurons are lost [ 34 ]. 

 Traditional models of PD fall into two major categories: (i) pharmacological, for 
example reserpine or amphetamine administration to deplete dopamine, a largely 
reversible treatment; and (ii) lesioning using neurotoxins which is permanent, for 
example intraparenchymal injection of 6-hydroxydopamine (6-OHDA) or systemic 
administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), as 
reviewed by Hantraye et al. [ 35 ]. Newer approaches in the development of PD mod-
els have been attempted as well based on the identifi cation of monogenic familial 
forms of the disease (at least 11 different linkages with 6 gene mutations have been 
identifi ed) [ 36 ], resulting in transgenic and non-transgenic experimental models 
[ 37 ]. Each of the abovementioned models have its own strengths and weaknesses in 
representing the human condition, and have all been extensively characterized 
behaviourally and neurochemically (for an overview see [ 38 ]). 

 Imaging experimental PD models has largely been in the domain of PET imag-
ing with the availability of radioligands to monitor both pre- and postsynaptic stria-
tal dopaminergic function in order to follow the disease process and to examine 
compensatory mechanisms. The presynaptic nigrostriatal terminal function can be 
assessed with radioligands suitable for imaging at least three different functions, (i) 
aromatic amino acid decarboxylase activity (AADC), (ii) vesicular monoamine 
transporter type 2 (VMAT2) and (iii) the plasma membrane dopamine transporter 
(DAT). Imaging of postsynaptic dopaminergic function has focused on the dopa-
mine D 2 -like receptor system. 

 Changes in dopamine metabolism have been widely identifi ed in PD patients and 
MPTP-treated nonhuman primates using either 6-[ 18 F]-fl uoro- L -DOPA ([ 18 F]
FDOPA) [ 39 – 42 ] or 6-[ 18 F]-fl uoro- L -methyl-tyrosine ([ 18 F]FMT) [ 43 ,  44 ], tracers 
of catabolism and trapping of dopamine, or its analogs. Somewhat surprisingly, 
[ 18 F]FDOPA showed no signifi cant brain uptake in the rat [ 45 ], although it can be 
used successfully in vivo in mice [ 46 ]. Mouse models of PD, either genetically 
modifi ed or MPTP-treated, have not been extensively studied with in vivo imaging 
techniques so far, primarily because of the small size of the brain. However, due to 
the relatively large size of the striatum, a number of studies have shown that it is 
feasible. Sharma and colleagues have shown that striatal [ 18 F]FDOPA uptake is 
reduced in the striatum of homozygous weaver mutant mice (a genetic model of 
PD) compared to both heterozygous and wild-type control animals [ 46 ]. Additionally, 
homozygous weaver mutant mice show an age-related decline in striatal [ 18 F]
FDOPA uptake [ 47 ]. 

 Most imaging studies performed in rat PD models measure the loss of presynap-
tic dopamine terminals primarily using tracers for the DAT using cocaine analogs. 
After unilateral lesions of the nigrostriatal projection through injection in the medial 
forebrain bundle (MFB), decreased [ 11 C]-CFT and [ 11 C]RTI-121 binding have been 
noticed [ 48 ], as a result of decreased density of the transporter, without concomitant 
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changes in affi nity [ 49 ]. VMAT 2  density changes have also been identifi ed 
(Fig.  19.1b ) [ 48 ], as have increased [ 11 C]-raclopride binding to the D 2  receptors [ 50 , 
 51 ], consistent with human PET studies in early PD patients [ 52 ]. Whether the D 2  
receptor upregulation is a result of changes in receptor density or affi nity is still 
unresolved, as both characteristics have been found to be altered [ 51 ,  53 ]. Besides, 
longitudinal microPET analysis of striatal D 2  binding in the same animals 

  Fig. 19.1    Overview of both pre- and postsynaptic striatal function in the 6-OHDA model of 
Parkinson’s disease. ( a ) Series of axial sections (ventral to dorsal, slice interval 1.0 mm) showing 
decreased DAT availability in the dorsal striatum of 6-OHDA-treated rats in comparison to con-
trols, as measured using [ 18 F]-FECT.  Color bars  indicate binding indices for the dopamine trans-
porter. ( b ) Also in the same model, reductions in VMAT2 density using [ 11 C]DTBZ with microPET 
( left ) and autoradiography ( right ) have been identifi ed.  Top image : A normal control animal for 
comparison;  middle image : an animal with a mild right unilateral lesion;  bottom image : an animal 
with a severe right unilateral lesion. ( b – d ) PET measures of the integrity of the striatal dopamine 
function correlates to the amount of 6-OHDA injected. [ 11 C]PE2I binding to DAT ( c ) and 
[ 11 C]-raclopride binding to D 2  receptors ( d ) decreased and increased, respectively, with injected 
dose of 6-OHDA. Reprinted from [ 48 ,  54 ,  56 ] with permission from Springer and Elsevier       
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demonstrated that the increase in D 2  receptor density after unilateral 6-OHDA 
lesions occurs bilaterally [ 53 ]. Nikolaus and co-workers found that the D 2  receptor 
density starts to increase in both striata within 2 days post-lesion, while a trend 
toward a signifi cant increase in the contralateral striatum was noticed at day 14. The 
authors attributed the change in the contralateral striatum to be indicative of com-
pensatory changes upon unilateral dopamine depletion [ 53 ]. Decreased presynaptic 
dopamine terminal binding have also been observed after unilateral lesions of the 
nigrostriatal tract through injection of 6-OHDA in the SN with [ 18 F]-FECT 
(Fig.  19.1a ) [ 54 ], and through lentiviral vector-based mediated overexpression of 
alpha-synuclein in the striatum using [ 123 I]FPCIT [ 55 ].

   These PET measures of the integrity of the striatal dopamine system have been 
shown to correlate to the amount of 6-OHDA injected. One study showed that 
6-OHDA lesioning causes reciprocal, dose-dependent changes in [ 11 C]PE2I binding 
to DAT compared to [ 11 C]-raclopride binding to D 2  receptors, decreasing and 
increasing the binding respectively (Fig.  19.1c, d ) [ 56 ]. Another study also intended 
to measure the relationship between the 6-OHDA dose and the integrity of the stria-
tal dopamine system using [ 11 C]DTBZ, confi rmed previous correlation [ 48 ]. 

 As functional imaging of the striatal dopaminergic system can objectively follow 
loss of dopamine terminal function in PD, it also provides a potential means of 
monitoring the effi cacy of putative therapeutic strategies. Possible restorative 
approaches evaluated in PD models include: striatal implants of human and porcine 
fetal mesencephalic cells, retinal cells that release levodopa/dopamine, embryonic 
stem cells and neurotrophic factors. 

 In unilateral 6-OHDA-lesioned rats, striatal transplantation of foetal dopamine 
neurons restores both the regional cerebral blood volume (rCBV) response to 
amphetamine as measured with pharmacological MRI, as well as the [ 11 C]CFT 
binding in the lesioned striatum [ 57 ]. Behavioural recovery does not occur until 
[ 11 C]CFT binding is restored in the same model to 75–85 % of the intact side [ 58 ]. 
The logistic, practical and ethical issues associated with foetal cells, however, con-
tributed to a shift away from this particular line of investigation to the evaluation of 
alternative source of cells. 

 Alternative cells such as retinal pigmented epithelial (RPE) cells have so far only 
been studied in larger animals. RPE cells produce levodopa ( L -DOPA), the bio-
chemical precursor of dopamine, as an intermediate in neuromelanin production. 
Implanted human RPE cells, unilaterally into the striata of bilateral MPTP-treated 
monkeys, results in improved motor function and increased [ 18 F]-FDOPA uptake 
with a concomitant decrease in [ 11 C]-raclopride binding 2 months after implant [ 59 ]. 

 The potential of embryonic stem (ES) cells as other viable source of cells for 
transplantation in PD has been evaluated in the unilateral 6-OHDA rat model. 
Bjorklund et al. [ 60 ] have shown that when transplanted into the rat striatum, mouse 
ES cells differentiate into dopamine neurons and decrease behavioural asymme-
tries. In addition, [ 11 C]CFT binding was increased in the grafted striatum and cor-
related with the number of TH+ neurons in the graft [ 60 ]. Also in the same model, 
infusion of GDNF, a neurotrophic factor, into the SN and lateral ventricles prevents 
the 6-OHDA-induced reduction in DAT, as measured by [ 11 C]-RTI-121 [ 61 ,  62 ]. 
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 Despite both histological and PET evidence in animals, neither of the 
 abovementioned graft techniques demonstrated clinical effi cacy in controlled trials 
so far [ 63 ,  64 ]. In those trials “off” period dyskinesias were often problematic. 
There are suggestions, however, that less severely affected PD patients could benefi t 
more from those intrastriatal implantations. 

 Apart from the dopaminergic system, another active fi eld of research in recent 
years has become the study of the contribution of infl ammation to the progression 
of neurodegenerative disorders, as it may provide alternative therapeutic opportuni-
ties. Microglia cells are the macrophages of the brain and respond to noxious stim-
uli by changing morphology and expression of cell-surface markers and releasing 
pro-infl ammatory cytokines [ 65 ]. Activated microglia cells may play a major role 
in the extension of neuronal loss after a lesion or insult. Migration of activated 
microglia and macrophages towards the lesion site correlates with the secondary 
damage after an acute neurotoxic event [ 66 ]. Moreover, a similar mechanism might 
amplify and perpetuate neuronal damage in chronic neurodegenerative disorders, 
such as PD. 

 Cicchetti and coworkers have used a  11 C-labeled tracer that binds to the periph-
eral benzodiazepine receptor ([ 11 C]-PK11195) to study activated microglia in PD 
models. Unilateral striatal infusion of 6-OHDA has been shown to increase [ 11 C]-
PK11195 binding in the lesioned striatum, at 3 weeks post lesion compared to 
baseline [ 67 ]. In the same model, chronic treatment with a selective inhibitor of 
the inducible form of cyclooxygenase (COX-2) constrained this infl ammatory 
response at 12 days postlesion and limited, to a certain extent, the progressive 
dopamine neuronal death in the SN, as measured using [ 11 C]-CFT and immuno-
histochemistry [ 68 ]. 

 Cerebral metabolic mapping with autoradiography has also been used in previ-
ous animal research to determine the regional alterations in brain activity related to 
the pathogenesis of PD [ 69 ,  70 ]. The technique has additionally been used to map 
regions responsive to levodopa in the 6-OHDA lesioned rat [ 71 ]. Nowadays, 
[ 14 C]-2- deoxyglucose autoradiography is often replaced by [ 18 F]-FDG PET imag-
ing. [ 18 F]-FDG is considered to be a marker of cerebral glucose consumption based 
on neuronal entrapment and accumulation of [ 18 F]-FDG-6-PO 4 , indicating neuronal 
viability [ 6 ]. In PD patients, specifi c cortical-subcortical metabolic alterations have 
been described using [ 18 F]-FDG based on direct regional analysis [ 72 ] or network 
analysis approaches [ 73 ]. So far, only one study in small-animals has been per-
formed. It was recently demonstrated that the unilateral intranigral lesion produced 
with 6-OHDA causes a severe metabolic impairment in the ipsilateral sensory- 
motor cortex of 6-OHDA lesioned rats, while metabolism was relatively increased 
in the contralateral midbrain, comprising the SN [ 54 ]. The change in the contralat-
eral midbrain was attributed to be indicative of compensatory changes to unilateral 
dopamine depletion, in line with the previous mentioned contralateral D 2  receptor 
upregulation [ 53 ]. It was concluded that the model shows metabolically strong 
functional correspondence to the cortico-subcortical impairments seen in PD 
patients [ 54 ].  
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2.2     Huntington’s Disease 

 Huntington’s disease (HD), or Huntington’s chorea, is an autosomal dominant 
 progressive neurodegenerative disorder affecting approximately 1 in 10,000 indi-
viduals and is characterized by involuntary movements such as chorea, emotional 
disturbances and cognitive impairment [ 74 ]. Typically, onset of symptoms occur in 
middle-age. HD is caused by a cytosine-adenine-guanine (CAG) repeat expansion 
within exon 1 of the HD gene (IT15) on chromosome 4 [ 75 ]. The number of CAG 
repeats accounts for about 60 % of the variation in age of onset, with the remainder 
represented by modifying genes and environment [ 76 ]. 

 The earliest animal models of HD are based on the selective vulnerability of 
striatal neurons to excitotoxic amino acids [ 77 ]. Intrastriatal injection of quinolinic 
acid (QA) [ 78 ] or systemic administration of 3-nitropropionic acid (3-NP) [ 79 ] 
results in ‘pathogenic models’ of the disease. Since the recent discovery of the gene 
mutation for the disease, new transgenic models are also being developed. Transgenic 
animal models of HD were fi rst created in mice [ 80 ] and subsequently in  Drosophila  
[ 81 ]; later on, a transgenic rat model of HD was reported [ 82 ]. 

 Small-animal imaging data on HD are largely PET-based using similar markers 
described for Parkinson’s disease with more experimental data utilizing fl uorode-
oxyglucose to map regions of reduced metabolism, indicative of cell loss [ 6 ]. 
Imaging of HD models has been used extensively to evaluate both the validity of the 
models and the effects of various interventions. 

 In the QA-lesioned rat striatum, [ 18 F]-FDG uptake is substantially decreased at 1 
week post lesioning, and decreases further at 5 and 7 weeks postlesion [ 83 ]. In con-
trast, lesion-induced effects on dopamine D 2  receptor binding were more progres-
sive, with an initial upregulation of [ 18 F]-FESP binding apparent 1 week postlesion 
followed by a decline 5 and 7 weeks thereafter [ 83 ]. Additional experiments 
revealed that the marked upregulation of dopamine D 2  receptors consequent to QA 
injections could be detected as early as 3 days after the initial insult [ 83 ]. Using 
[ 11 C]KFI8446, Ishiwata et al. have shown that adenosine A 2A  receptor binding is 
decreased to a similar extent as [ 11 C]-raclopride binding to D 2  receptors in the 
lesioned striatum, but to a greater extent than [ 11 C]SCH23390 binding to D 1  recep-
tors [ 84 ]. Also in the same model, the QA injury did not affect [ 11 C]fl umazenil 
binding to benzodiazepine receptors at day 5 postlesion [ 85 ]. In addition, Moresco 
et al. have shown that the loss of adenosine A 2A  and dopamine D 2  receptors are 
paralleled by an increase of microglia activation, as measured using [ 11 C]PK11195 
[ 86 ]. At the very fi rst time point investigated, from QA administration (24 h), only 
a slight non-signifi cant increase in [ 11 C]PK11195 binding was observed. At 8, 30 
and 60 days, however, [ 11 C]PK11195 binding values were on average three times 
higher than the controls. 

 Compared to intrastriatal QA, repeated systemic administration of 3-NP results 
in more widespread striatal lesions. A longitudinal [ 18 F]-FDG study aimed to 
explore the acute and chronic effects of systemic 3-NP administration, showed a 
signifi cant interanimal variation in response to the toxin [ 87 ]. Rats that developed 

19 Small-Animal Imaging in Neurology and Psychiatry



526

large striatal lesions had decreased glucose utilization in the striatum and cortex 1 
day after starting 3-NP injections. Rats that did not develop lesions showed revers-
ible enhancement in cortical glucose utilization and no changes in striatal glucose 
metabolism. Progressive degeneration was observed by a decrease in glucose 
metabolism in the striatum [ 87 ]. 

 Transgenic rodents expressing a mutant form of the huntingtin gene are used in 
the study of disease progression and the effects of treatments. A recent longitudinal 
study, following up R6/2 mice with [ 18 F]-FDG, demonstrated an exponential 
decrease in glucose metabolism, starting at the age of 8 weeks and continuing 
through the 6 weeks follow-up time in the striatum, cortex and cerebellum [ 88 ]. 
Treatment with the transglutaminase inhibitor cystamine in these animals has been 
shown to have a neuroprotective effect in a dose-dependent manner, attenuating the 
decrease in striatal, cortical and cerebellar [ 18 F]-FDG [ 88 ].  

2.3     Alzheimer’s Disease 

 Alzheimer’s disease (AD) is the most common cause of progressive cognitive 
decline in aged humans, comprising 50–70 % of all cases [ 89 ]. AD begins with 
great diffi culty in new learning and memory, which leads to forgetfulness of recent 
events. AD worsens over time, usually over many years, leading to problems in 
word fi nding and reasoning, diffi culty completing daily activities of living and ulti-
mately death. The most severe neuropathological changes occur in the hippocam-
pus, followed by the association cortices and some subcortical structures, such as 
the amygdala [ 90 ]. The neuropathological changes are characterized by massive 
neuronal cell and synapse loss [ 91 ], as well as beta-amyloid plaques and neurofi bril-
lary lesions [ 90 ]. The major protein component of plaques is the polypeptide  Abeta  
that is derived from amyloid precursor protein (APP). The neurofi brillary lesions 
contain hyperphosphorylated aggregates of the microtubule-associated protein  tau  
and are found in cell bodies and apical dendrites as neurofi brillary tangles (NFT). 

 Less than 1 % of the total number of AD cases are caused by autosomal domi-
nant mutations in three genes, among which APP [ 92 ]. Mutations in the gene encod-
ing  tau  have also been linked to neurodegeneration and dementia [ 93 ]. The fact that 
these genes encode for proteins that are deposited in plagues and NFTs further 
confi rms their causal role in the disease and led to the generation of transgenic ani-
mal models [ 94 ]. Most widely used animal models comprise both mouse and inver-
tebrate; rat models of AD are rare. As far as neuro-anatomy, memory and motor 
functions are concerned, the transgenic mouse models are superior to the inverte-
brate ones in resembling the human condition [ 95 ]. Many different strains exist, but 
most of these overexpress human APP. 

 Not all PET studies of transgenic mice have been very successful so far because 
of the small size of the mouse brain and the inherent limitations in resolution of the 
fi rst generation of small-animal PET scanners [ 96 ]. Considering that [ 18 F]-FDG is 
becoming one of the most widely used diagnostic adjuncts for AD [ 97 ], the 
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expectation that this technique would also be widely used in transgenic mice has for 
this reason not been met. Whereas autoradiographic studies show decreased cere-
bral glucose metabolism in the posterior cingulate cortex, in vivo imaging does not 
allow the identifi cation of this change [ 98 ]. 

 Visualizing Abeta deposition in vivo is another novel diagnostic tool, which 
might contribute to a defi nite diagnosis of AD and to monitor the success of 
 treatments. The earliest probe was a dye called BSB ( trans    , trans )-1-bromo-2,5-bis-
(3-hydroxycarbonyl-4-hydroxy)styrylbenzene, which was used to label Abeta-
plaques in Tg2576 mice [ 99 ]. In recent years, the novel PET tracer  11 C-labeled 
Pittsburgh Compound-B (PIB) has gained signifi cant attention [ 100 ]. PIB was shown 
to enter the brain quickly and label plaques within minutes [ 101 ]. It was used as a 
PET tracer in APP transgenic mice but initially failed to refl ect the amount of Abeta 
[ 102 ]. In APP23 mice, an age-dependent increase in radioligand binding was found 
to be consistent with progressive Abeta accumulation [ 103 ]. Importantly, Abeta 
reductions upon vaccination with an anti-Abeta-antibody were refl ected by reduced 
binding of [ 11 C]-PIB. The use of transgenic mice in preclinical studies is however 
limited as species-differences in Abeta accumulation have been reported [ 103 ]. 

 In order to diminish the spatial resolution limitations of PET, high-fi eld strength 
MRI can be combined with preclinical PET imaging for more accurate anatomical 
localization. In a study combining a transgenic mouse model of AD and the use of 
the toxin  N -(2-chloroethyl)- N -ethyl-bromo-benzylamine (dsp4), which specifi cally 
targets the noradrenergic neurons of the locus coeruleus, Heneka et al. demonstrated 
an interaction effect between beta-amyloid deposition and noradrenergic neuro-
transmission [ 104 ]. Only transgenic mice who were also treated with dsp4 showed 
decreased cortex/cerebellum ratios in [ 18 F]-FDG uptake, [ 11 C]fl umazenil binding 
and [ 11 C] N -methyl-4-piperidyl-acetate trapping, indicative of reduced cerebral glu-
cose metabolism, decreased neuronal integrity and attenuated acetylcholinesterase 
activity, respectively.  

2.4     Epilepsy 

 Epilepsy is a common chronic neurological disorder that is characterized by recur-
rent, unprovoked seizures [ 105 ] and affects approximately 3 % of the population 
during their life-time [ 106 ]. Seizures arise from excessive abnormal hypersynchro-
nized fi ring of a population of cortical neurons [ 107 ]. About 60–70 % of patients 
experience focal or partial seizures, and about 30–40 % generalized seizures [ 108 ]. 
Epileptic seizures are controlled with medication in approximately 70 % of the 
cases. When seizures are medically intractable, resection of the epileptogenic cortex 
may be considered. 

 Many epilepsy syndromes, particularly temporal lobe epilepsy (TLE), are asso-
ciated with structural and functional abnormalities of the brain. The relationship of 
these abnormalities to the development (i.e. epileptogenesis), progression and 
 prognosis of epilepsy are still incompletely understood. 
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 Animal models in epilepsy neuroimaging research have long been important for 
the investigation of the neurobiology, consequences and treatment of seizures and 
epilepsy. The use of animal models particularly enables the investigation of the 
neurobiological changes during epileptogenesis, which is diffi cult to study in 
humans, given that in most patients, the chronic rather than the early epileptogenic 
stage is represented. Besides, prospective studies, in which patients at risk are fol-
lowed up until the onset of the fi rst seizure, are time-consuming, costly and practi-
cally diffi cult to undertake. 

 The animal models used in epilepsy research can be divided into models of sei-
zures and models of epilepsy itself [ 109 ]. In the case of the former, the seizures are 
induced by the application of an acute brain insult, usually electrical and chemical, 
while in the latter the seizures occur spontaneously as in human epilepsy. In these 
chronic models, epileptogenesis is generally induced by a precipitating insult 
(genetic or acquired) that initiates a cascade of processes that transform a normal to 
a hyperexcitable epileptic brain, resulting in the occurrence of recurrent spontane-
ous seizures after a latent or silent period. 

 In 2000, Kornblum et al. were the fi rst to publish in vivo [ 18 F]-FDG fi ndings dur-
ing acute seizures using small-animal PET [ 110 ]. [ 18 F]-FDG is one of the most 
commonly used radiotracers for PET imaging in clinical epilepsy practice and 
research, and is used in patients with refractory epilepsy to presurgically localize 
the functional defi cit zone [ 111 ]. In the model of kainic-acid induced seizures, dur-
ing status epilepticus (SE) a dramatic enhancement in glucose metabolism in sev-
eral brain regions was demonstrated, most notably in hippocampus and entorhinal 
cortex [ 110 ]. Rats displaying moderate to severe seizures demonstrated 1.6- and 
2.3-fold increases in [ 18 F]-FDG uptake in the hippocampus, respectively. This cor-
relation between [ 18 F]-FDG uptake and seizure activity was also confi rmed in 
C57BI/6 mice [ 112 ]. Using pilocarpine induced SE in these animals, [ 18 F]-FDG 
uptake in the hippocampus (+33.2 %) was directly correlated with seizure activity 
during the uptake period. 

 Wang et al. studied a mouse model for GLUT-1 haploinsuffi ciency using 
[ 18 F]-FDG small-animal PET [ 113 ]. GLUT-1 is the predominant glucose transporter 
expressed in the blood–brain barrier and is responsible for glucose entry into the 
brain [ 114 ]. GLUT-1 haploinsuffi cient mice were found to display among others 
spontaneous epileptiform discharges on electroencephalography, paralleled by a 
diffuse hypometabolism in the brain as compared to the wild-type strain [ 113 ]. 

 Recently, longitudinal small-animal PET imaging was used to study brain glu-
cose metabolism during epileptogenesis in two chronic epilepsy models of TLE 
[ 115 ]. In the amygdala kindling model, rats were found to have decreased glucose 
uptake in the ipsilateral hippocampus at the end of the kindling period that persisted 
at the 2 weeks post-kindling scan. In the post kainic acid induced SE model, a global 
hypometabolism was presented as early as 24 h after the kainic acid treatment. This 
hypometabolism remained persistently decreased for the following 6 weeks and 
was not affected by the onset of spontaneous seizures. 

 More recently, the relationship between brain glucose metabolism and epilepto-
genesis was further investigated in the rat lithium-pilocarpine model of epilepsy 
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using a voxel-based analysis approach [ 116 ]. Early in the silent phase of 
 epileptogenesis (day 3), rats displayed a severely hypometabolism in the entire 
cerebrum, although no electro-encephalographic or behavioural seizure activity was 
present at that time. This hypometabolism was most pronounced in the hippocam-
pus, entorhinal cortex and thalamus bilaterally (Fig.  19.2 ); regions all characterized 
by the highest [ 18 F]-FDG uptake during SE. During the chronic epileptic phase, a 
normalization of the glucose metabolism was seen.

   Apart from [ 18 F]-FDG, as marker of neuronal activity, specifi c neurochemical 
changes can be measured by the use of specifi c receptor ligands. Several of these 
receptor systems represent existing or possible therapeutic targets. 

 The receptor that has most commonly been imaged using PET in human epilepsy 
studies has been the central benzodiazepine (cBZ) receptor using radiolabeled fl u-
mazenil (FMZ). Changes in expression and function of the GABA A /cBZ receptor 
complex are well described in human focal epilepsy [ 111 ]. Liefaard et al. used a 
population pharmacokinetic model to study the changes in GABAa/cBZ complex in 
the kindling model of TLE [ 117 ]. After injection of an excess amount of [ 11 C]FMZ 

  Fig. 19.2    Comparison of brain glucose metabolism between SE and control animals on day 3. 
Differences for the brain regions have been color-coded and are superimposed on a MRI template. 
Axial ( top 2 rows ) and coronal ( bottom 3 rows ) brain sections showing signifi cantly decreased 
[ 18 F]-FDG uptake on day 3 in SE rats compared to controls, most pronounced in hippocampus 
( HC ), entorhinal cortex ( ERC ) and thalamus ( THAL ) bilaterally ( white arrows ). Signifi cance at the 
voxel level is shown with a T statistic color scale. Reprinted from [ 116 ], with permission from 
Elsevier       
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to fully saturate the receptors, the concentration-time curves of [ 11 C]FMZ in blood 
and brain were measured, from which  K   D   and  B   max   were estimated. After kindling, 
 K   D   was unaffected, but  B   max   in epileptic rats decreased to 64 % of controls. Also in 
fully kindled rats, the brain volume of distribution was found to be increased with 
180 %, indicating, in these animals, reductions in transport of [ 11 C]FMZ outside the 
brain [ 117 ]. 

 Another receptor radiotracer with potential for small-animal epilepsy models is 
( N -[2-(3-cyano-phenyl)-3-(4-(2-[ 18 F]fluorethoxy)phenyl)-1-methylpropyl]-2-
(5-methyl- 2-pyridyloxy)-2-methyl proponamide) ([ 18 F]MK-9470), which labels 
brain type 1 cannabinoid (CB 1 ) receptors [ 3 ]. Cerebral CB 1  receptors belong to the 
endocannabinoid system (ECS), together with a family of naturally occurring lipids, 
the endocannabinoids, and with transport and degradation proteins [ 118 ]. The endo-
cannabinoid system would provide an ‘on-demand’ protection against acute excito-
toxicity in neurons of the central nervous system and would contribute to a signaling 
system that protects neurons against the consequences of abnormal discharge activ-
ity [ 119 ]. In rodent models of epilepsy, administration of cannabinoids is protective 
against seizures [ 120 ,  121 ] and affects seizures’ frequency and duration. 
Endocannabinoids and CB 1  receptor levels are increased in these epileptic animals 
[ 122 ]. Using small-animal PET, the involvement of the ECS was recently demon-
strated, more precisely the CB 1  receptor, in the mechanism-of-action of the anti- 
epileptic drug valproate (VPA) [ 123 ]. A signifi cant increase (+32 %) was found in 
global cerebral [ 18 F]MK-9470 binding after 2-week chronic VPA administration 
compared to sham-treated animals. As VPA does not exhibit high affi nity for the 
CB 1  receptor, such upregulation is likely caused by an indirect effect on the ECS, 
since, as mentioned before, activation of the CB 1  receptor has been shown to 
decrease excitability and excitotoxicity on demand [ 119 ]. 

 At present, none of the abovementioned neurobiological changes have been 
shown to be a biological marker, predictive for seizures outcome.  

2.5     Cerebral Ischaemia 

 Stroke is the second most common cause of death and major cause of disability 
worldwide [ 124 ]. Stroke results from a transient or permanent reduction in cerebral 
blood fl ow (CBF), usually secondary to thromboembolic occlusion of one or more 
cerebral arteries. The compromised blood supply leads to functional impairment, 
followed by structural disintegration of neurons in the absence of reperfusion. The 
initial phase of dysfunction is potentially reversible, prior to subsequent cell death. 
While some brain tissue may be irreversibly damaged, other hypoperfused areas 
may be at risk but are potentially salvageable. These latter areas are called the pen-
umbra [ 125 ]. If people reach their life expectancy, one in four men will have had a 
disabling stroke by age 80, and one in fi ve women by age 85 [ 126 ]. The burden of 
stroke on patients, their families, and society in general is enormous. 
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 The use of animal models in neuroimaging stroke research has focused on a 
number of areas which include: (i) defi ning and understanding the concept of the 
penumbra; (ii) development of new imaging techniques for the diagnosis and prog-
nosis of stroke; and (iii) the investigation both of the underlying processes that lead 
to cell death, and of possible therapies for the treatment of stroke. 

 Over the last decade, comprehensive reviews have described the numerous pos-
sible animal models of cerebral ischaemia and their relevance to the human disease 
[ 127 ]. Experimental models may be broadly classifi ed by the reduction in cerebral 
blood fl ow (CBF), as either global or focal models, which may in turn be permanent 
or reversible in nature. Models of focal ischemia most often involve unilateral, tran-
sient, or permanent occlusion of the middle cerebral artery (MCA-O), leading to 
ischemic damage in the neocortex and/or caudate-putamen [ 128 ]. Models of global 
ischemia are usually transient, since persistent global cerebral ischemia readily 
leads to death. Transient global ischemia can be induced with hypoxic ventilation 
and/or multi-vessel occlusions [ 129 ]. 

 The penumbra is the most important target for acute stroke therapy. Since the 
penumbra can be considered as a temporary phase of potential viability through 
which ischemic tissue progresses into infarction, the therapeutic time-window is 
limited, possibly to a few hours; therefore early detection is essential. In humans, 
multitracer PET measuring blood fl ow and metabolism is still the current gold- 
standard technique for penumbral identifi cation [ 130 ]. Diffusion/perfusion- 
weighted MRI and perfusion CT are more commonly used because of their 
simplicity and suitability for repeat studies; however, they may not differentiate 
infarct, penumbra and oligemia (i.e. defi ciency in blood volume) reliably after 
stroke [ 130 ]. Following occlusion of the MCA in male spontaneously hypertensive 
and male normotensive Wistar Kyoto rats, CBF was decreased 1 h after the occlu-
sion to <30 % of the control hemisphere in both groups, cerebral metabolic rate of 
oxygen consumption (CMRO 2 ) was diminished to a similar extent and oxygen 
extraction fraction (OEF) was increased, indicating misery perfusion [ 131 ]. During 
permanent occlusion, the underlying physiological disturbances were greater in 
spontaneously hypertensive rats as compared to the normotensive ones, revealing 
that hypertension is a risk factor for the onset of stroke as well as for poorer out-
come after stroke [ 131 ]. In the same models, a collapse of the compensatory OEF 
mechanism was found 24 h after occlusion [ 132 ]. 

 In rats undergoing distal MCA occlusion surgery, sequential [ 18 F]-FDG PET 
studies demonstrated decreased glucose metabolism in the stroke area delineated by 
MRI [ 133 ]. The [ 18 F]-FDG uptake in the stroke area was about 0.5 % of the injected 
dose per gram (ID/g) at days 1, 15 and 22. At day 8, the stroke area appeared to be 
smaller and the uptake was higher, likely attributable to infl ammation. 

 Other PET studies have started to validate new ways of identifying infarction and 
penumbra in experimental models. [ 18 F]-FMISO PET was evaluated in rats under-
going permanent and temporary MCA occlusion [ 134 ]. Nitroimidazole compounds 
such as FMISO are trapped in hypoxic cells [ 135 ], but not in necrotic tissue [ 136 ], 
thereby providing a simple direct image of the penumbra. In the hyperacute phase 
(until 30 min) after permanent MCA occlusion, there was increased [ 18 F]-FMISO 
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binding in the entire ipsilateral MCA territory, which normalized 48 h later, in line 
with a nearly complete MCA territory infarct. In contrast, there was no demonstra-
ble tracer retention in temporary MCA occlusion models, which histopathologically 
showed ischemic changes only, supporting the validity of [ 18 F]-FMISO as a marker 
of the penumbra after stroke. 

 Recently, Reshef et al. reported on  18 F-labeled-5-fl uoropentyl-2-methyl-malonic 
acid ([ 18 F]-ML-10) as potential radioligand for imaging apoptosis among others in 
cerebral stroke [ 137 ]. Although necrosis predominates as the mode of cell death 
during the hyperacute stage of stroke, apoptosis plays an important role in ensuing 
staged of active disease [ 138 ]. Following permanent MCA occlusion in mice, 
increased [ 18 F]-ML-10 uptake was observed selectively in the ischemic MCA terri-
tory, and correlated with the histological evidence of cell death. The degree, how-
ever, to which a defective blood–brain-barrier (BBB) contribute to the specifi c 
uptake of [ 18 F]-ML-10 has not been determined. 

 No treatment currently exists to restore the lost neurological function after stroke. 
Increased vascularisation in the stroke border zone within a few days after stroke is 
associated with neurological recovery [ 139 ], and may be valuable not only as prog-
nostic factor but also as measurement of success to help guide proangiogenic thera-
pies. Using [ 64 Cu]-DOTA-VGEF 121  in rats undergoing distal MCA occlusion 
surgery, Cai et al. found that angiogenesis appeared very rapidly after stroke (i.e. 2 
days post occlusion) [ 133 ]. [ 64 Cu]-DOTA-VGEF 121  uptake peaked in the stroke bor-
der zone ~10 days after surgery, confi rmed by histology and autoradiography, after 
which it decreases. No correlation of [ 64 Cu]-DOTA-VGEF 121  uptake with long term 
stroke outcome has been performed yet to evaluate the potential prognostic value. 

 In a SPECT study,  99m TC-HYNIC-annexin V, another radioligand for imaging 
apoptosis, was used to monitor the response of neuroprotective therapy with mono-
clonal antibody raised against FasL in a rodent model of transient MCA occlusion 
[ 140 ]. FasL is the cognate ligand for the Fas death receptor, a member of the tumour 
necrosis receptor subfamily [ 141 ]. FasL rapidly increased its expression within the 
neurons of the penumbra following ischemic injury, thereby inducing pro-apoptotic 
mechanisms [ 142 ]. Blankenberg et al. demonstrated that radiolabeled annexin V 
detects the early phases of neuronal ischemic injury and its response to anti-FasL 
therapy. Anti-FasL treatment signifi cantly reduced annexin uptake by 92 % with a 
60 % decrease in the number of apoptotic neurons on day 1. On day 6, treated rat 
had an 80 % reduction in tracer uptake with a 75 % decrease in infarct size as com-
pared to controls. Annexin V uptake was in both controls and treated animals lin-
early correlated with infarct size and the number of apoptotic nuclei. 

 The same radioligand was also used in sequential SPECT studies to demonstrate 
the neuroprotective potential of minocycline, an antibiotic with antiapoptotic prop-
erties [ 143 ], in CB6/F1 mice undergoing unilateral distal MCA occlusion [ 144 ]. 
Seven-day minocycline treatment was found to signifi cantly reduce annexin V 
uptake between 1 and 30 days after injury, in line with the infarct size. Annexin V 
uptake was in control and treated-animal maximal on days 1 and 7, followed by a 
decline at 30 days.   
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3     Applications in Psychiatry 

 The application of small-animal PET/SPECT in the fi eld of biological psychiatry 
is hampered by the limited presence of suitable animal models. Despite a signifi -
cant number of human PET/SPECT studies, there is a paucity of functional imag-
ing studies in animals. It is indeed more diffi cult to reproduce human psychiatric 
diseases using animals in view of the large symptomatic heterogeneity of psychi-
atric illness, even inside the same clinical defi nition (endophenotypes). For exam-
ple, it is particularly diffi cult to model specifi c human emotions and to evaluate this 
in rodents. Moreover, the aberrant behaviours symptomatic of human mental ill-
ness are mostly uniquely human, particularly those that are mediated by brain path-
ways without homology in rodents, e.g. the expanded prefrontal cortex of the 
human brain. 

 Despite these diffi culties inherent in modelling human psychiatric phenotypes, 
there has been some recent success, mainly in mice, identifying genetic mutations 
that give rise to some of the characteristic features of anxiety, depression, schizo-
phrenia, autism, obsessive-compulsive disorder and bipolar disorder [ 145 ]. Also 
here, the application of mice models in small-animal PET/SPECT research has been 
limited by the small size of the mouse brain. We give an overview of the various 
neurochemical systems that may provide possible molecular targets for small- 
animal PET/SPECT research. 

 Among the various neurotransmitter systems, the dopaminergic system is of par-
ticular interest in drug abuse and addiction. Research into brain mechanisms of 
additive behaviour have traditionally focused on the nucleus accumbens and dopa-
mine inputs to this region from the ventral tegmental area [ 146 ]. The potentially 
signifi cant involvements of the oribitofrontal cortex, anterior cingulate cortex, and 
other limbic cortical areas have more recently been recognized and investigated 
[ 147 – 149 ]. Although the precise aetiology of drug addiction is poorly understood, 
it is widely known to be linked to certain personality traits (e.g. risk-takers, sensa-
tion- or novelty-seekers) [ 150 ,  151 ] and individuals diagnosed with particular brain 
disorders such as attention-defi cit hyperactivity disorder (ADHD) [ 152 ]. 

 In a recent small-animal PET study, Dalley et al. investigated dopamine D 2/3  
receptor availability in the dorsal and ventral striatum of high impulsive rats com-
pared with non-impulsive rats to evaluate the causal relationship between impulsiv-
ity and drug abuse vulnerability [ 153 ]. Rats were scanned using the radioligand 
[ 18 F]fallypride prior to drug exposure. The authors found that [ 18 F]fallypride bind-
ing was signifi cantly reduced in the nucleus accumbens but not the dorsal striatum 
of high impulsive rats compared with non-impulsive subjects. Extracellular dopa-
mine levels were also measured in the nucleus accumbens using in vivo microdialy-
sis [ 153 ]; there was no difference between both groups suggesting that dopamine 
D 2/3  receptors were likely fewer in number in the nucleus accumbens of high impul-
sive rats. The authors hypothesized from their PET fi ndings that low dopamine D 2/3  
receptors associated with certain personality traits may be a susceptible neurobio-
logical marker that confers vulnerability to drug experimentation and encourage 
excessive drug use. 
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 In addition, the origin of inter-individual variability in impulsive behaviour is 
still unknown, but potentially involves both genetic and environmental infl uences 
[ 154 ,  155 ]. The importance of environment on dopamine D 2  receptor availability 
was demonstrated in the monkey striatum [ 156 ]. Dopamine D 2  receptor availability 
measured by [ 18 F]fl uoroclebopride was found to be lower in the subordinate mon-
keys than dominant monkeys. Crucially, this difference was present only when the 
monkeys were housed together—not before—suggesting this effect to be related to 
social context rather than to traits variables. The authors also demonstrated a link 
between low dopamine D 2  receptor availability in the striatum and cocaine self- 
administration. This fi nding was substantiated in a recent longitudinal PET study in 
the monkey brain, demonstrating that baseline dopamine D 2  receptor availability 
inversely predicts cocaine self-administration and that cocaine itself further reduce 
the dopamine D 2  receptor availability in this region [ 157 ]. 

 This latter fi nding was also observed in rats, self-administering the psychostimu-
lant  D -amphetamine [ 158 ]. Drug-exposed and saline control rats were scanned 24 h 
after the discontinuation of self-administration using PET and [ 11 C]-raclopride. 
Consistent with the abovementioned study in monkey, chronic administration of 
amphetamine signifi cantly decreased [ 11 C]-raclopride binding potential in the dor-
sal striatum (Fig.  19.3 ).

   Besides drug abuse and addiction, molecular neuroimaging studies are also con-
sistent with the notion that dopaminergic dysregulation is a key pathological feature 
of schizophrenia. Schizophrenia affects 1 % of the population [ 159 ] and usually 
begins in late adolescence or early adulthood. It is characterized by positive psy-
chotic symptoms, such as delusions and hallucinations and disorganized speech, 
and negative psychotic symptoms, such as emotional blunting and loss of drive. 
PET and SPECT human imaging studies have shown that schizophrenia is associ-
ated with increased presynaptic striatal dopamine synthesis and storage [ 160 ,  161 ], 

  Fig. 19.3    Reduced binding potential of the dopamine D 2/3  receptor antagonist [ 11 C]-raclopride in 
the dorsal striatum of rats exposed to intravenous  D -amphetamine self-administration compared 
with control rats receiving yoked infusions of saline ( left hand  graph). Shown also are co- registered 
[ 11 C]-raclopride binding potential maps and MRI images for a saline control rat and an 
amphetamine- exposed rat. **p < 0.01 (Student’s unpaired  t -test). Reprinted from [ 158 ], with per-
mission from Elsevier       
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and increased striatal release of dopamine following amphetamine administration 
[ 162 ,  163 ]. Treatment consequently involves the use of antipsychotic drug, all of 
which act as antagonists at central dopamine D 2  receptors [ 164 ]. 

 The application of small-animal PET/SPECT in schizophrenia research is mainly 
focused on the development and evaluation of these antipsychotic drugs for the 
treatment of this disorder. Despite extensive clinical experience with antipsychotics, 
there has long been no broad consensus on the doses of these substances that should 
be administered. Formerly, most antipsychotics were administered empirically 
according to clinical dose-fi nding studies, in which arbitrarily selected doses were 
tested to fi nd the “most effi cient” dose range in a patient population, with no regard 
for the molecular effects of the tested drug. Brain PET imaging studies in healthy 
rats have indicated that occupancy of at least 65 % of dopamine D 2  receptors is 
needed for clinical response to antipsychotics, and that occupancy rates exceeding 
72 and 78 % are associated with a high risk for motor adverse effects, providing a 
rationale for the use of relatively low doses of typical antipsychotics [ 165 ]. 

 PET studies in patients with schizophrenia that assessed the level of dopamine 
D 1  receptors in the prefrontal cortex using [ 11 C]SCH23390 and [ 11 C]NCC112 
[ 166 – 168 ], have generated contradictory fi ndings. Small-animal PET in healthy rats 
provided evidence to elucidate this inconsistency [ 169 ]. Sprague–Dawley rats sub-
jected to acute dopamine depletion did not show alterations in [ 11 C]NCC112 in the 
striatum and prefrontal cortex, while paradoxically striatal [ 11 C]SCH23390 binding 
was decreased. On the other hand, subchronic dopamine depletion was associated 
with increased [ 11 C]NCC112 binding and decreased [ 11 C]SCH23390 binding in 
these regions, suggesting that the binding of these tracers in the prefrontal cortex of 
patients with schizophrenia might refl ect changes in dopamine D 1  receptors second-
ary to sustained defi cit in the prefrontal dopamine function. 

 Apart from the dopaminergic system, the central serotonergic system has 
received great interest in depression research [ 170 ]. Modifi cations of serotonergic 
activity contribute to many of the symptoms, for example, mood, appetite, sleep, 
sexual and cognitive dysfunction. Depression has the highest prevalence of all psy-
chiatric disorders and occurs twice as frequently in women as in men. It can begin 
at any age, but has its average age of onset in the mid-20s [ 171 ]. 

 The involvement of the serotonergic system in depression is also based partly on 
the observation that selective serotonin reuptake inhibitors (SSRIs) exert antide-
pressant effects and that most antidepressant drugs either directly or indirectly 
enhance serotonin (5-HT) transmission [ 172 ]. The most promising evidence for a 
defi cit in central serotonin neurotransmission that is compensated by antidepres-
sant pharmacotherapy involves postsynaptic serotonin-1A receptors (5-HT 1A ). In 
human PET studies, changes in expression and function of the 5-HT 1A  receptor are 
well described, particularly in the mesiotemporal cortex and raphe nucleus (for 
review see [ 173 ]). Currently, most of the radiopharmaceuticals developed to image 
5-HT 1A  receptors have also been validated in rodents, but not yet applied in depres-
sion research. 5-HT 1A  receptor subtypes have been extensively visualized with 
small- animal PET using [ 11 C]WAY-100635 [ 174 ]. A new promising tool for the in 
vivo imaging of this receptor subtype in rodents is recently presented by [ 18 F]
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MPPF [ 175 ]. Aznavour and colleagues demonstrated using [ 18 F]MPPF in rats that 
values of binding potential for hippocampus (1.2), entorhinal cortex (1.1), medial 
prefrontal cortex (1.0) and raphe nuclei (0.6) were comparable to those previously 
measured with PET in cats, non-human primates or humans [ 175 ]. Test-retest vari-
ability was also in the order of 10 % in the larger brain regions and less than 20 % 
in small nuclei. 

 Individuals affected by depression may also suffer from mania in bipolar disor-
der, which affects approximately 1 % of the world’s population [ 176 ]. Hougland 
et al. performed in vivo [ 18 F]-FDG imaging in a rat model of mania [ 177 ]. Following 
ICV ouabain administration, brain [ 18 F]-FDG uptake was reduced compared to 
those animals receiving equal volumes of artifi cial cerebrospinal fl uid. Pretreatment 
with lithium, a standard treatment for mania, normalized this [ 18 F]-FDG uptake. 
Imaging of ill bipolar patients has revealed consistent fi ndings [ 178 ,  179 ]. 

 The dopaminergic and serotonergic neurotransmitter systems have also been 
central in functional imaging research of patients with eating disorders. Patients 
with anorexia nervosa (AN) and bulimia nervosa (BN) display anxiety, depression, 
and suicide or have symptoms related to altered reward and excessive motor activity 
[ 180 ]. In human imaging studies of AN, involvement of the parietal, frontal and 
cingulate cortices in the pathophysiology have been well demonstrated using radio-
ligands for the serotonergic pathways [ 181 ], as well as [ 18 F]-FDG [ 182 ]. 

 In an animal model of AN, Barabarich-Marsteller et al. investigated using 
[ 18 F]-FDG whether the psychobiological changes that occur following ‘voluntary’ 
starvation in individuals are comparable to the changes that result from involuntary 
food restriction (i.e., an experimental procedure leading to activity-based anorexia 
or ABA) [ 183 ]. Briefl y, rats were restricted to 40 % of their baseline daily food 
intake until a 30 % weight loss occurred. Combining the food restriction with access 
to a running wheel induced hyperactivity and a spontaneous restriction of food 
intake, as seen in humans [ 184 ]. Only the food-restricted rats displayed an increase 
in [ 18 F]-FDG uptake in the cerebellum, while a decrease was observed in the hip-
pocampus and striatum; the latter is in line with previous reports in the clinical 
condition [ 182 ]. 

 More recently, these cerebral metabolic changes in the same ABA model were 
monitored using a voxel-based analysis approach [ 185 ]. In line with Barabarich- 
Marsteller et al., a higher regional metabolism in the cerebellum and hypometabo-
lism was found in the ventral striatum. In addition, relative [ 18 F]-FDG uptake was 
increased in the mediodorsal thalamus and ventral pontine nuclei, while body 
weight loss was positively correlated with cerebral metabolism in the cingulate cor-
tex and the adjacent somato-sensory cortex. It was concluded that the activity-based 
rat model of AN share indeed several characteristics with the human disease, 
encompassing complex interplays between different circuitries involving motor 
activity, food-related behaviour and somato-sensory regions, thus adding proof to 
the validity of this model. 

 Despite the abovementioned body of evidence indicating a prominent role of 
dopamine and serotonin neurotransmission in various psychiatric disorders, there is 
a limited base of PET/SPECT studies investigating the role of other neurochemical 
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systems in patients or models for psychiatry. Human studies have suggested that 
GABAergic abnormalities are associated with stress, anxiety, and depression 
[ 186 – 188 ]. Glutamate neurotransmission, on the other hand, may be involved in 
obsessive compulsive behaviour and schizophrenia [ 189 ,  190 ]. Although radioli-
gands to image both systems have been validated in small-animals [ 191 ,  192 ], none 
of them have yet been utilized in psychiatric animal research.  

4     Conclusion 

 Preclinical in vivo imaging techniques such as PET and SPECT have played a role 
in validating animal models of neurological and psychiatric diseases at a basic 
 science level, and therefore contributed to improve our understanding of human 
diseases. In particular, the key advantages of these research tools is that subjects 
can be followed longitudinally, over time, thus allowing investigation of the disease 
process, the development of compensatory changes, and the long-term evaluation 
of the safety and effi cacy of drug-based, surgical, cellular or gene-therapy based 
interventions. 

 The preclinical evaluation of potential therapies using small-animal imaging has 
mainly been applied in the fi eld of neurology. The use of small-animal PET/SPECT 
imaging in psychiatry is hampered by the lack of suitable animal models, as pre-
clinical neuroimaging research is only as good as the animal model being employed.     
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1            Introduction 

 Cardiovascular disease (CVD) is a leading cause of death in both industrialized and 
developing countries, claiming more than 800,000 lives in the US and millions more 
in the rest of the world in recent years. Despite recent reduction in age-specifi c CVD 
mortality rate, increasing longevity, urbanization and industrialization has led to a 
rapid increase in the prevalence of CVD in both developed and developing nations. 
With surging health care costs the focus is shifting from treatment to prevention of 
disease as well as developing cost effective diagnostic and prognostic strategies. 
Conventional imaging modalities such as coronary angiography, echocardiography, 
myocardial perfusion imaging, computed tomography (CT) and magnetic reso-
nance imaging (MRI), have been historically used to defi ne structure and function 
as well as to monitor response to therapy, relying on the contrast provided by het-
erogeneity of anatomy, physiology and metabolism. As such, they provide valuable 
anatomical and physiological information about vasculature (e.g., extent of the dis-
ease, location, presence of calcifi cation) and the myocardium (e.g., ejection frac-
tion, wall thickening, dilatation, viability and cardiac output). However, traditional 
imaging modalities have limited use in detecting molecular and cellular events that 
determine the course of disease and its response to therapeutic interventions. 
Emerging molecular imaging modalities utilizing probes targeted at relevant molec-
ular and cellular events can advance research on pathophysiology, allow early detec-
tion of disease, assist in the design of novel therapies, facilitate monitoring disease 
activity and response to therapy, and provide prognostic information. 

 We have seen considerable progress in the development of cardiovascular molec-
ular imaging over the past decade, and in specifi c cases cardiovascular molecular 
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imaging is on the verge of reaching clinical practice. Preclinical imaging studies in 
small animals have played, and continue to play, a key role in this progress. In this 
review, we will fi rst focus on applications of molecular small animal imaging in 
common pathological processes, such as infl ammation, apoptosis and thrombosis 
that affect the cardiovascular and other systems. This will be followed by a more 
detailed review of the state of the art molecular small animal imaging in specifi c 
vascular and cardiac pathologies.  

2     Imaging in Common Pathophysiological Processes 

2.1     Infl ammation 

 The role of infl ammation in the pathogenesis of cardiovascular diseases has been 
increasingly recognized in recent years. Atherosclerosis represents a chronic infl am-
matory process triggered, amongst others, by modifi ed lipoproteins [ 1 ]. Similarly, 
infl ammation plays a central role in the development and progression of heart fail-
ure. Despite context-specifi c differences, various infl ammatory processes share 
many common features, including endothelial activation which is an early step in 
the recruitment of infl ammatory cells. The normal endothelium maintains a dynamic 
barrier between blood, containing circulatory cells and macromolecules, and suben-
dothelial structures. Activation of endothelial cells (ECs) by pro-infl ammatory cyto-
kines and other macromolecules [such as modifi ed low-density lipoprotein (LDL)] 
triggers the expression of endothelial adhesion molecules [such as E-selectin, inter-
cellular adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule-1 
(VCAM-1)] and loss of anti-adhesive properties. The complex and hierarchic inter-
actions of adhesion molecules expressed by ECs and their counterparts on circula-
tory leukocytes mediate rolling, adherence and subsequent transmigration of 
infl ammatory cells across the endothelium into the subendothelial compartment. 
Chemokines, e.g., monocyte chemoattractant protein-1 (MCP-1), provide a che-
moattractant gradient to direct infl ammatory cells to the sites of infl ammation. 
Various cellular and molecular players of innate and adaptive immunity play pre-
dominant roles in specifi c infl ammatory conditions. 

 Upregulation of endothelial adhesion molecules appears as a promising target for 
imaging early stages of infl ammation. VCAM-1 is absent on resting ECs, and is 
upregulated in response to pro-infl ammatory stimuli. Expression of VCAM-1 is an 
early event in the course of atherogenesis [ 2 ]. Thus, VCAM-1 may be a potentially 
useful target for detection of early atherosclerotic plaque. Because of its expression 
on the endothelium, VCAM-1 can be easily targeted and imaged using molecular 
imaging modalities which are dependent on targeting agents with limited access to 
sub-endothelial structures (e.g., MRI and ultrasound imaging). The low level of 
VCAM-1 expression on activated ECs is a potential limiting factor for its detection 
by conventional radiotracer-based imaging modalities [ 3 ]. However, alternative 
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approaches have been developed to enhance VCAM-1-dependent signal and 
improve target-to-background ratios. One such approach uses a peptide with homol-
ogy to the α-chain of very late antigen-4 (VLA-4, a natural binding partner for 
VCAM-1 on activated leukocytes) which may be involved in VCAM-1 mediated 
ligand internalization [ 4 ]. When incorporated into magneto-fl uorescent nanoparti-
cles, this peptide allowed for in vivo detection of activated endothelium overlaying 
atherosclerotic lesions of high cholesterol-fed apoprotein E (apoE) −/−  mice by MRI 
and optical imaging [ 5 ]. Alternatively, conjugation of P-selectin and VCAM-1 anti-
bodies to microparticles of iron oxide [ 6 ] or VCAM-1 antibody to microbubbles 
(Fig.  20.1 ) [ 7 ,  8 ] has been used to detect endothelial activation by MRI and ultra-
sound imaging in atherosclerosis and arteriogenesis.

  Fig. 20.1    Contrast-enhanced ultrasound imaging of endothelial activation in the aorta of high 
cholesterol-fed apoE −/−  mice using VCAM-1-targeted microbubbles. Images ( a ) and ( b ) show the 
aortic arch ( Ao ) detected by two-dimensional and pulsed wave Doppler imaging. There is consid-
erably higher enhancement of the arch 10 min after intravenous injection of VCAM-1-targeted ( c ), 
as compared to non-targeted, control ( d ) microbubbles. Reprinted with permission from Kauffman 
et al. [ 7 ]       
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   Molecular imaging technologies provide highly valuable experimental tools for 
tracking leukocyte traffi cking and activation in the sites of infl ammation in small 
animal models of cardiovascular disease. Direct labeling of murine monocytes with 
 111 In-oxine allowed investigators to track and study traffi cking of different mono-
cyte subsets into the myocardium after myocardial infarction and further defi ne 
their function [ 9 ]. The inhibitory effect of statin therapy on monocyte traffi cking 
into atherosclerotic lesions in the apoE −/−  mouse has been demonstrated by micro-
SPECT- CT imaging using  111 In-oxine labeled monocytes (Fig.  20.2 ) [ 10 ]. Other 
examples of promising approaches to imaging leukocyte biology in animal models 
of cardiovascular disease include using radiolabeled chemokines (e.g.,  99m Tc-labeled 
MCP-1) to target chemokine receptors on activated monocytes [ 11 ], targeting 
enhanced cellular metabolism (e.g., by  18 F-FDG imaging) [ 12 ], detecting the phago-
cytic activity of macrophages [ 13 ,  14 ] and imaging proteases produced by activated 
leukocytes [ 15 ,  16 ]. These will be discussed in more detail in the following sections. 
Such imaging approaches have provided information on cellular and molecular 
biology of infl ammation complementary to those obtained by classical in vitro stud-
ies, opening new avenues of research to elucidate the role of infl ammation in cardio-
vascular diseases.

2.2        Apoptosis and Cell Death 

 Apoptosis, a highly regulated, energy-dependant, complex program of cell death is 
an integral component of normal development and homeostasis. In the cardiovascu-
lar system, apoptosis plays an important role in the pathogenesis of many pathologic 

  Fig. 20.2    Imaging    of monocyte recruitment to atherosclerotic plaques. CT ( a ) and fused Micro- 
SPECT/CT ( b ) images obtained 5 days after introduction of  111 In-oxine-labeled murine monocytes 
( left  panel) or monocyte-depleted peripheral blood mononuclear cells ( middle  panel) to high 
cholesterol- fed apoE −/−  mice. Labeled-monocytes introduced to C57BL/6 wild-type mice ( right  
panel) served as a control. Substantial  111 In-oxine-labeled monocytes recruitment was observed in 
the ascending aorta of apoE –/–  mice but not elsewhere, which was verifi ed by autoradiography of 
harvested aortas ( c ) ( LV  left ventricle,  AV  aortic valve region,  AA  ascending aorta,  DA  descending 
aorta). Reprinted with permission from Kircher et al. [ 10 ]       
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processes, including atherosclerotic plaque rupture, MI and  ischemia- reperfusion 
injury, heart failure and transplant rejection. The cardiomyocyte is a highly differen-
tiated cell with limited regenerative capacity. Therefore, cardiomyocyte loss by 
apoptosis (or otherwise) has a signifi cant impact on deteriorating cardiac function, 
and inhibition of apoptosis in rodent models of ischemia-reperfusion has shown to 
be cardioprotective [ 17 ]. Imaging apoptosis can help elucidate this process in vivo 
and pave the way for the development of novel apoptosis-preventing therapeutic and 
therapy-monitoring strategies. 

 Apoptosis is one of the several morphologically and biochemically distinct, but 
overlapping, pathways to cell death, and unlike necrosis, does not produce an 
infl ammatory response [ 18 ]. The biologic induction of apoptosis occurs via the 
so- called “extrinsic” or “intrinsic” pathways and presents several targets for 
molecular imaging. The extrinsic pathway is initiated by external stimuli such as 
cytokines or toxins and involves the binding of transmembrane death receptors to 
their ligands. The resulting complexes activate a cascade of downstream proteases 
known as caspases which commit the cell to apoptosis. In the intrinsic pathway, 
the intracellular release of caspase-activating proteins by mitochondria in response 
to cellular stresses such as hypoxia, viral infections, radiation, etc. causes apopto-
sis through formation of the apoptosome complex and activating the caspase 
cascade. A non- specifi c, aspect of apoptosis used commonly as target for imaging 
is the externalization of phosphatidyl serine (PS) (reviewed in [ 19 ]). PS is a nega-
tively charged aminophospholipid that is actively maintained internally in normal 
cells and is translocated to the outer surface of the cell membrane early on in the 
course of apoptosis, functioning as a marker for macrophages to phagocytose 
the apoptotic cell [ 20 ]. The surface expression of PS and its high expression level 
facilitate its targeting for imaging apoptosis. However, PS externalization and 
exposure to its ligands are not exclusive to apoptosis and are observed in other 
forms of cell death, certain forms of leukocyte activation [ 21 – 23 ] and activated 
platelets [ 24 ]. Another important factor to consider in targeting PS for detection of 
apoptosis is that PS externalization can be a reversible process and not all cells 
with surface expression of PS undergo apoptosis [ 25 ]. Annexin A5 (also called 
annexin V), a protein with a high binding affi nity for PS, has been studied exten-
sively for imaging apoptosis. Annexin A5 has been conjugated with various radio-
isotopes ( 99m Tc,  18 F and  124 I) [ 26 – 28 ], fl uorescent agents [ 29 ,  30 ] or incorporated 
into magnetic nanoparticles [ 31 ] and used for imaging apoptosis in small animals 
and in humans. Other PS binding tracers have been developed (reviewed in [ 32 ]) 
and are in various stages of evaluation. 

 Sequential activation of several caspases in both extrinsic and intrinsic path-
ways of apoptosis makes them appealing targets for imaging apoptosis. 
Furthermore, unlike PS externalization, the caspase activation cascade is reason-
ably specifi c for apoptosis. Strategies for optical imaging and PET imaging using 
radiolabeled caspase binding molecules [ 33 ] and caspase-sensitive reporter probes 
[ 34 ] have been developed. However, caspases-targeted imaging of apoptosis in the 
cardiovascular system is in early stages of development and awaits further experi-
mental validation. 
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 Annexin V imaging of apoptosis in the cardiovascular system has rapidly moved 
from preclinical studies to humans [ 27 ,  35 ]. However, many issues regarding the 
specifi city of different tracers for apoptosis and the biological signifi cance of cell 
death in cardiovascular pathologies remain unresolved. Imaging apoptosis in small 
animal models of atherosclerosis, ischemia-reperfusion, heart failure, and trans-
plant rejection can help address many of the unresolved issues which have impeded 
the use of apoptosis imaging in the clinic. Some of these applications will be dis-
cussed in the following sections.  

2.3     Angiogenesis 

 Angiogenesis and atherogenesis, formation of new blood vessels from pre-existing 
vessels, are integral parts of development, wound healing and response to ischemia. 
In recent years, much attention has been paid to therapeutic angiogenesis to treat 
myocardial and peripheral ischemia. However, angiogenesis is also involved in the 
development of atherosclerosis and may participate in plaque vulnerability. 
Therefore, modulation of angiogenesis in the cardiovascular system requires a com-
plex balancing act between these two opposite effects. 

 Angiogenesis can occur through different mechanisms. One mechanism, sprout-
ing, is induced by hypoxia, infl ammation and other cellular and molecular cues that 
stimulate production of pro-angiogenic factors. Hypoxia initiates angiogenesis 
through transcriptional regulation of gene expression. The binding of hypoxia- 
induced factors (HIFs), which are inactivated by proteosomal degradation under 
normoxia and are stabilized under hypoxia, to the promoter of hypoxia-inducible 
genes leads to upregulation of pro-angiogenic factors [e.g., vascular endothelial 
growth factor (VEGF)] [ 36 ]. Local secretion of cytokines, growth factors and pro-
teases from infl ammatory cells also contributes to this pro-angiogenic milieu. This 
leads to increased endothelial permeability, dissolution of the basement membrane 
and reorganization of extracellular matrix, migration of the so-called tip cells and 
proliferation of ECs, and the subsequent reconstruction of vascular conduits. These 
primitive vascular structures are stabilized with the recruitment of pericytes and 
vascular smooth muscle cells (VSMCs). 

 Numerous pro- and anti-angiogenic molecules contribute to this complex pro-
cess [ 36 ], some of which have been utilized as imaging targets [ 8 ,  37 – 39 ]. Nitric 
oxide (NO) induces vasodilatation and is in part responsible for local VEGF pro-
duction. Matrix metalloproteinases (MMPs) contribute to angiogenesis by remod-
eling matrix and release of growth factors, such as VEGF, basic fi broblast growth 
factor (bFGF) and insulin-like growth factor (IGF)-1 that are normally retained by 
extracellular proteins. Additionally, MMP action on matrix proteins exposes novel 
adhesion epitopes for vascular cells. Angiostatin, an inhibitor of EC proliferation, 
is generated through proteolytic cleavage of plasminogen by MMP-7 and -9. 
Growth factors, e.g., VEGF, FGF and platelet-derived growth factor, participate in 
angiogenesis through induction of endothelial proliferation and recruitment of 

R. Marfatia et al.



553

VSMCs and pericytes. Integrins are involved in cell-matrix interactions and play a 
key role in EC migration, proliferation and survival. The αvβ3 integrin is probably 
the most extensively studied target for imaging angiogenesis in the cardiovascular 
system [ 37 ,  40 ]. 

 VEGF imaging is an alternative promising approach for in vivo detection of 
angiogenesis [ 39 ]. The VEGF family of growth factors consists of 6 members, 
namely VEGF-A, -B, -C, -D, PIGF and Orf VEGFs (also called VEGF-E) [ 41 ]. 
VEGF-A, the prototypic angiogenic growth factor, is a homodimeric protein with 
several isoforms which are generated through alternative splicing. VEGF-121, and 
-165 are soluble secreted proteins while VEGF-189 and -206 are mostly bound to 
the cell surface or extracellular matrix [ 42 ]. VEGFs bind to three high affi nity 
VEGF receptors (VEGFRs), with each member of the VEGF family exhibiting a 
distinct binding pattern. VEGFR-1 and -2 are expressed by arterial, capillary and 
venous endothelium, while VEGFR-3 expression is confi ned to the lymphatic endo-
thelium. Many of the VEGF effects on EC, including endothelial proliferation, sur-
vival and hyperpermeability, are attributable to VEGFR-2 signaling and VEGFR-1 
appears to serve as a regulator of VEGFR-2 signaling in ECs. In addition to afore-
mentioned VEGFR, VEGF binds to neuropilins which also serve as co-receptors 
and potentiate VEGFR-2 signaling. Labeled VEGF-121 which lacks the heparin 
binding domain of VEGF-165, and therefore thought to be specifi c for classical 
VEGFRs, has been extensively used for imaging angiogenesis in various animal 
models of angiogenesis [ 43 ]. However, recent data indicate that VEGF-121 can also 
bind to neuropilins, potentially complicating the interpretation of those studies [ 44 ]. 

 Investigation with therapeutic angiogenesis utilizing growth factor, gene, and 
cell therapy in animal models of ischemia has led to promising results. However, 
these original successes have not been reproduced in large clinical trials. The devel-
opment and validation of reliable imaging modalities for in vivo detection of angio-
genesis will help understand the underlying causes of these failures and help develop 
and evaluate novel therapeutic approaches for vaso-occlusive diseases.  

2.4     Matrix Remodeling 

 The extracellular space of multi-cellular organisms is composed of a network of 
macromolecules which constitute the extracellular matrix (ECM). ECM is orga-
nized in the vicinity of cells that produce it, and actively regulates their function. 
Variations in ECM components, including glycosaminoglycans usually linked to 
proteoglycans, and fi brous proteins (e.g., collagen, elastin, fi bronectin and elastin) 
are in part responsible for differences in physical properties of various tissues, and 
may be targeted for imaging. Integrins bind to ECM proteins, mainly through a 
specifi c tripeptide sequence (Arginine-Glycine-Aspartate, RGD), and anchor cells 
to the surrounding matrix. In addition to their role in cell survival, proliferation and 
migration, integrins serve as mechanoreceptors, transducing mechanical stimuli 
into intracellular signaling events. Several RGD-based tracers have been developed 
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and studied for detection of integrin expression and activation in vivo [ 37 ,  45 ,  46 ]. 
In response to altered biology and hemodynamics the ECM undergoes major struc-
tural and functional changes, a process termed as ‘matrix remodeling’. ECM remod-
eling may occur through protein synthesis, contraction and proteolytic degradation 
and is an integral part of development, tissue repair and fi brosis. Alteration of ECM 
homeostasis, i.e., matrix remodeling, is a main pathological feature of myocardial 
and vascular remodeling. Cardiac fi broblasts synthesize ECM proteins and modu-
late responses to chemical, mechanical and electrical stimuli. They can also differ-
entiate into myofi broblasts, cells characterized by the presence of smooth muscle 
markers (e.g. smooth muscle α-actin) which contribute to matrix remodeling 
through enhanced production of ECM molecules and generation of tension [ 47 ]. 
Various growth factors, infl ammatory molecules and mechanical stimuli regulate 
cardiac myofi broblast formation and function, stimulating increased collagen secre-
tion (predominantly types I and III) and resulting in myocardial fi brosis [ 48 ]. 

 MMPs are a family of proteases involved in matrix remodeling. They constitute 
a group of nearly 25 zinc-dependant proteases responsible for the degradation and 
removal of specifi c components of ECM. Infl ammatory cells are major sources of 
MMPs, which are produced as inactive pro-enzymes and are activated by proteo-
lytic cleavage which exposes a catalytic site. Tissue inhibitors of metalloproteinases 
(TIMPs) regulate MMP activity, which is modulated by the expression level, activa-
tion state and presence of inhibitors. In addition to their role in matrix remodeling, 
MMPs also contribute to cardiovascular biology by digesting other proteins, includ-
ing troponin, myosin light chain and poly(ADP-ribose) polymerase [ 49 ]. Most 
notably for this discussion, MMPs play an important role in many common cardio-
vascular diseases. MMP-2 [ 50 ] and MMP-9 [ 51 ], both gelatinases, have been shown 
to play a key role in the development of cardiac rupture in gene deletion mice. 
TIMP-3 defi cient mice are shown to have dysfunctional matrix homeostasis causing 
severe cardiac dysfunction [ 52 ]. In rat models of chronic volume overload MMP 
upregulation occurs prior to left ventricular (LV) remodeling and MMP inhibition 
reduces LV dysfunction [ 53 ]. MMP-2 and -9 plasma levels are elevated post-MI 
[ 54 ] and elevated MMP-13 levels, which is normally low, are noted in end stage 
heart failure [ 55 ]. MMPs are also critical in vascular remodeling and their involve-
ment there is discussed separately. As such, MMPs constitute a formidable target for 
molecular imaging of matrix remodeling in many cardiovascular diseases. 

 Various strategies have been employed to detect in vivo MMP activity. Near 
infrared fl uorescent probes which are activated through proteolytic cleavage by 
MMPs have been used for optical imaging of MMP activity post-MI in mice [ 56 , 
 57 ]. As the MMP signal is dependent on enzymatic activity, this approach consider-
ably amplifi es the signal and may allow for detection of activities that are otherwise 
diffi cult to detect. While this is a very powerful approach for imaging in small ani-
mals which may be more or less easily extended to specifi c MMPs, the restricted 
penetration depth of optical imaging limits its utility in larger animals and humans. 
An alternative approach uses radio-labeled tracers (such as  111 In-labeled RP782 and 
 99m Tc-labeled RP805 [ 58 ,  59 ]) which directly bind to a specifi c site (in the case of 
RP782 and RP805, the activated catalytic site) on MMP molecules (Fig.  20.3 ). 
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Many of the existing MMP-targeted tracers have broad target specifi city. The 
 challenge is to develop novel tracers with specifi city for individual members of the 
MMP family which may be more appropriate for imaging specifi c conditions. 
Nevertheless, existing tracers have been proved useful in studying many cardiovas-
cular pathologies and their use will be discussed in the following sections.

2.5        Vascular Remodeling 

 Adult arteries undergo changes in morphology, cell content and matrix composition 
in response to injury. This process is broadly labeled as vascular remodeling. In 
atherosclerosis, remodeling is triggered by modifi ed lipids and other pro- 
infl ammatory molecules in conjunction with hemodynamic factors which potentiate 
the effect of injury. The effect of arterial injury may be even more dramatic in spe-
cifi c pathologies. Mechanical injury to the vessel wall at the time of percutaneous 
coronary angioplasty (PTCA) leads to transient dilatation of the artery which is 
followed by elastic recoil and development of neointimal hyperplasia, both playing 
an important role in post-PTCA restenosis. Immune injury is the main mediator of 
graft arteriosclerosis (GA) after cardiac transplantation. GA is associated with con-
centric narrowing of coronary arteries and small vessel pruning that ultimately leads 

  Fig. 20.3    Imaging MMP activation in vascular remodeling using RP782, an  111 In-labeled MMP- 
targeting tracer. In vivo microSPECT ( a ), CT angiography ( b ), and fused microSPECT/CT ( c ) 
images at 3 weeks after left carotid injury in apoE −/−  mice demonstrate enhanced MMP activation 
in the injured left ( L ) as compared to control right ( R ) carotid arteries ( S  sagittal,  C  coronal, and  T  
transverse slices,  w  weeks). Image-derived quantitative analyses of carotid RP782 uptake at differ-
ent time points after injury are shown in ( d ). Reprinted with permission from Zhang et al. [ 59 ]       
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to myocardial ischemia and loss of the transplant. Aneurysm is another example of 
vascular remodeling which is a major cause of morbidity and mortality. In the case 
of abdominal aortic aneurysm, expansion of the artery is associated with changes in 
mechanical strain which may ultimately lead to aneurysm rupture and death. 

 VSMC proliferation and migration as well as extracellular matrix remodeling are 
two major components of vascular remodeling which have been targeted for imag-
ing. In every vascular pathology the balance between these factors and concomitant 
infl ammation determines the outcome in terms of the vessel morphology and biol-
ogy. Resting VSMCs in the media are in a differentiated or contractile state. In 
response to injury, they undergo phenotypic modulation and transform into highly 
proliferative and synthetic cells, which participate in vascular remodeling through 
migration into the neointima and extracellular matrix synthesis [ 60 ]. This pheno-
typic modulation of VSMCs is associated with dramatic changes in their molecular 
structure, including a reduction in VSMC-specifi c marker gene expression, a reduc-
tion in myofi laments and an increase in synthetic cellular organelles, which seems 
to contribute to repair processes. Many of these changes provide potential targets 
for imaging VSMC proliferation in remodeling arteries. Z2D3 is an antibody to a 
poorly characterized antigen expressed in atherosclerosis, which is found to be 
upregulated in proliferating VSMCs. Molecular imaging of vascular remodeling 
using radio-labeled Z2D3 more than a decade ago was one of the fi rst examples of 
successful molecular imaging of vessel wall biology [ 61 ]. Integrin αvβ3 is upregu-
lated in vascular remodeling and undergoes conformational changes which can be 
targeted, providing additional specifi city to imaging. RP748, a  111 In-labeled pepti-
domimetic molecule that preferentially binds to activated (high affi nity conforma-
tion) αvβ3 (and potentially other αv) integrins localizes to injured carotid arteries of 
apoE −/−  mice and may be detected by autoradiography [ 45 ]. RP748 uptake in this 
model was found to parallel cell proliferation, providing a potential tool to detect 
VSMC proliferation induced by mechanical injury to the arterial wall.  

2.6     Thrombosis 

 The primary function of the coagulation system is to maintain the integrity of the 
circulatory system and to prevent blood loss in case of injury. Under pathological 
conditions activation of this system can lead to thrombosis and partial or total occlu-
sion of the blood vessel. Deep venous thrombosis, pulmonary embolism, and acute 
coronary syndromes are examples of the most common cardiovascular diseases 
where thrombosis plays a causal role, and molecular imaging can provide important 
diagnostic information. Platelet activation is central to blood clot formation. 
Thrombin is a pro-infl ammatory molecule that, amongst other functions, cleaves 
fi brinogen into fi brin and activates platelets. Activation of a cascade of coagulation 
proteases in conjunction with their co-factors through intrinsic or extrinsic (mainly 
due to tissue factor) pathways of coagulation converge on prothrombin to generate 
thrombin. Platelet activation may also occur independent of thrombin through 
exposure to subendothelial collagen [ 62 ]. 
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 Thrombus formation over a disrupted atherosclerotic plaque leads unstable 
angina and MI. Rupture of the plaque’s fi brous cap or erosion of the endothelial 
layer exposes blood to the thrombogenic subendothelial components. The interplay 
between blood, plaque components, and local homodynamic factors determines the 
fi nal consequence of these events which may be self-limited mural thrombus, a 
common autopsy fi nding in clinically silent patients, or fatal MI. Plaque infl amma-
tion is one of the determinants of its thrombogenicity [ 63 ]. Expression of tissue 
factor by plaque macrophages has been implicated in potentiation of thrombosis 
formation when blood is exposed to the subendothelial compartment. Endothelial 
shedding and apoptosis (mediated in part by myeloperoxidase) can also expose the 
platelets to subendothelial component. 

 Different aspects of thrombosis formation, including platelet activation [ 64 ], 
fi brinogen cross linking [ 65 ], and fi brin deposition [ 66 ] have been targets of molec-
ular imaging in animal models or early clinical studies. Integrin αIIbβ3 plays an 
important role in platelet activation and recruitment. Activation of αIIbβ3 integrin is 
associated with conformational changes that increase it affi nity for fi brinogen and 
von Willebrand factor. Apcitide is a  99m Tc-labeled peptide that binds to integrin 
αIIbβ3 and has been extensively studied for imaging acute deep venous thrombosis 
[ 67 ,  68 ]. By characterizing components of thrombosis molecular imaging can help 
elucidate the pathogenesis of acute coronary syndromes and help track the response 
to therapeutic interventions. 

 Recent advances in molecular imaging which have contributed to unraveling the 
molecular and cellular basis of cardiovascular diseases, their progression and devel-
opment of complications will be discussed here (Table  20.1 ). Although we have 
organized our discussion into sections focused on specifi c pathologies, we acknowl-
edge that this separation is somewhat arbitrary and artifi cial, as many of the issues 
discussed under specifi c topics are also applicable to other vascular and cardiac 
pathologies.

3         Molecular Imaging of Cardiovascular Pathology 

3.1     Atherosclerosis 

3.1.1     Endothelial Cell Activation 

 As previously discussed, EC activation is an early event in the course of atherogen-
esis. ECs form a barrier between blood and the rest of the vessel wall that is imper-
meable to most macromolecules in normal conditions. However, EC activation 
triggered by factors such as pro-infl ammatory cytokines, changes in shear stress and 
hypercholesterolemia disrupts this barrier and results in non-specifi c diffusion of 
macromolecules into the subendothelial space. The non-specifi c hyper-permeability 
of activated ECs has served as the basis for imaging atherosclerosis with non- 
specifi c contrast agents (e.g., gadolinium-diethylenetriamine pentaacetic acid or 
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Gd-DTPA) [ 69 ]. However, this leakiness and accumulation of macromolecules may 
also interfere with molecular imaging of more specifi c markers. 

 A number of strategies have been employed to detect endothelial activation as an 
early step in the development of atherosclerosis in vivo. Endothelial activation is 
associated with upregulation of a number of adhesion molecules on ECs (e.g., 
VCAM-1) which through interactions with their counterparts mediate the recruit-
ment of circulatory leukocytes and their transmigration to subendothelial compart-
ments. Direct radiolabeling of VCAM-1 binding peptides [ 70 ] or conjugation of 
VCAM-1 binding peptides or antibodies to nanoparticles [ 5 ] or microbubbles [ 7 ] 
has been successfully used to image atherogenesis in small animals. Multi-targeting 
of P-selectin and VCAM-1 (using microparticles of iron oxide conjugated to spe-
cifi c antibodies) as well as ICAM-1 and selectins (using sialyl Lewis x and anti-
ICAM- 1 antibodies conjugated microbubbles) have been introduced as an approach 
to increase the sensitivity and specifi city for early plaque imaging [ 6 ]. The direct 
contact between ECs and blood facilitates the delivery of tracers for molecular 
imaging. This is especially through for larger particles needed for MRI and ultra-
sound-based imaging, which by carrying multiple binding sites can overcome the 
technical challenges related to low expression level of adhesion molecules. Targeting 
endothelial activation to detect atherosclerosis can be helpful as a research tool to 
investigate atherogenic factors and potentially to track the effect of novel preventive 
therapies. However, at the present time potential clinical applications of imaging 
endothelial activation in atherosclerosis remain undefi ned.  

3.1.2     Infl ammatory Cell Traffi cking and Activation 

 Infl ammatory cells, including macrophages, T-cells, dendritic cells and mast cells, 
can be detected even in the earliest atherosclerotic lesions [ 1 ]. Technical challenges 
have restricted studies of leukocyte traffi cking into the plaque using standard 
molecular and cell biology techniques. However, recent advances in molecular 
imaging have opened unique opportunities to study leukocyte biology in atheroscle-
rosis. In a series of proof of principle experiments, murine monocytes directly 
labeled with  111 In-oxine were successfully used to detect monocyte traffi cking to 
atherosclerotic lesions in apoE −/−  mice by microSPECT imaging (Fig.  20.2 ) [ 10 ]. 
Several monocyte/macrophage and lymphocyte subpopulations with distinct bio-
logical activities have been identifi ed, and their role in the development of athero-
sclerosis and other vascular pathologies is under intensive investigation. However, 
using classical research tools it is often diffi cult to establish whether these cells 
are recruited to the plaque as such, or if they are differentiated in situ. Tracking 
traffi cking of specifi c leukocyte subpopulations by molecular imaging, using 
similar approaches may help address this critical issue in vascular pathology. 

 In addition to direct labeling of cells, several alternative approaches for imaging 
infl ammatory cell biology have been developed and tested in small animal models 
of atherosclerosis. Targeting phenotypic changes associated with differentiation of 
monocytes to macrophages and their activation is one example of a promising 
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approach to imaging macrophage biology in vivo. Monocyte differentiation is 
 associated with up-regulation of several scavenger receptors (e.g. scavenger recep-
tor A, scavenger receptor BI, CD36 and CD68). Uptake of highly oxidized and 
otherwise modifi ed lipoproteins by differentiated macrophages also leads to mor-
phological changes and formation of foam cells, a histological hallmark of fatty 
streaks. Several macrophage membrane proteins, such as scavenger receptors [ 71 –
 73 ] and lectin- like oxidized LDL receptor 1 [ 74 ], have been successfully targeted 
by radiotracers and other targeting agents. Enhanced metabolic activity of macro-
phage-rich atherosclerotic plaques may also be detected by  18 F-FDG PET imaging 
[ 75 ,  76 ]. Another aspect of macrophage biology is the phagocytic activity which 
can be non- invasively detected by MRI using a high density lipoprotein-based 
nanoparticles contrast agent or derivative agents [ 77 ,  78 ]. Using ultrasmall super-
paramagnetic nanoparticles of iron oxide, such as ferumoxtran-10, that accumulate 
in macrophages is another approach to detection of macrophage burden of athero-
sclerotic plaques [ 79 ]. N1177, an iodinated nanoparticle contrast agent that is 
phagocytized and accumulates in macrophages, has been successfully used to 
image atherosclerotic plaques in rabbits utilizing a clinical CT scanner (Fig.  20.4 ) 
[ 13 ]. Chemokines, e.g., MCP-1, play a key role in infl ammatory cell recruitment 
[ 80 ], and imaging chemokine receptors is an alternative approach to imaging tis-
sue macrophages in atherosclerosis. CCR-2 the receptor for MCP-1 is upregulated 
on monocytes in the course of infl ammation and has been targeted with  125 I- or 
 99m Tc-labeled MCP-1 to detect monocyte recruitment in various cardiovascular 
pathologies [ 11 ,  81 ].

3.1.3        Lipid Accumulation 

 Lipid retention and modifi cation are integral to the pathogenesis of various stages of 
atherogenesis, and lipid-targeted imaging may provide important information about 
this process. LDL was the fi rst agent to be labeled with  125 I to study lipid traffi cking 
in damaged arterial wall of rabbits [ 82 ]. Subsequent studies have used various 
radiolabeled LDL preparations to study lipid accumulation and image atherosclero-
sis [ 83 ,  84 ]. Despite some promising initial data, imaging atherosclerosis with 
radiolabeled LDL has proved to be ineffective due to tracers’ slow blood clearance 
[ 84 ] and the investigators have moved on to labeling other lipids to study plaque 
biology [ 85 ]. 

 Alternative approaches to imaging lipid biology in atherosclerosis focus on oxi-
dized LDL, LDL derivatives, and LDL-targeting antibodies [ 86 – 88 ]. LDL under-
goes chemical modifi cations that enhance its pro-atherogenic and pro-infl ammatory 
properties. One such modifi cation generates oxidized LDL which has higher bind-
ing to macrophage scavenger receptors and faster blood clearance than native LDL 
[ 87 ]. Oxidized LDL triggers MMP production by macrophages [ 89 ]. MDA2, an 
antibody to an epitope on oxidized LDL (and other similarly modifi ed proteins) 
localizes to atherosclerotic lesions in hypercholesterolemic rabbits and apoE −/−  and 
LDL receptor (LDLR) −/−  mice and its uptake can track the effect of dietary 
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  Fig. 20.4    CT imaging of macrophage activity in atherosclerosis using N1177, an iodinated 
nanoparticle contrast agent. Axial CT images of balloon-injured hypercholesterolemic rabbit aorta 
obtained before ( a ), during ( b ), and 2 h after the injection of N1177 ( c ) or a conventional contrast 
agent ( d ) demonstrating aortic enhancement with N1177 but not with the conventional contrast 
agent. Color-coded images show aortic enhancement with N1177 ( e ), but not with the conventional 
contrast ( f ) in hypercholesterolemic nor with N1177 in a control ( g ) rabbit. Reprinted with permis-
sion from Hyafi l et al. [ 13 ]       
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interventions on plaque progression [ 88 ,  90 ]. Furthermore, a reduction in MDA2 
uptake has been linked to increased VSMC and collagen expression in the plaque, 
features of plaque stability [ 91 ]. More recently, a number of LDL oxidation-specifi c 
antibodies, MDA2, E06 and IK17 have been incorporated into targeted micelles 
containing gadolinium for imaging of atherosclerosis by MRI [ 92 ]. MRI in athero-
sclerotic apoE −/−  mice demonstrated aortic enhancement with targeted micelles 
which could be blocked with excess free antibody. This uptake was linked to the 
presence of macrophages in the plaque. While oxidized LDL has been the main 
target of these imaging studies, it is important to note that the similar epitopes are 
present on other modifi ed lipids which are expressed by other cells, including apop-
totic macrophages [ 93 ].  

3.1.4     Plaque Vulnerability 

 Atherosclerotic plaque rupture or erosion exposes the blood to subendothelial struc-
tures and promotes local intra-arterial thrombosis which can manifest as an acute 
coronary syndrome. Therefore, there is a great need for non-invasive imaging 
approaches to characterize plaque biology in vivo. Plaques that are vulnerable to 
rupture are characterized by the presence of a thin fi brous cap, large necrotic core, 
marked infi ltration of infl ammatory cells and loss of collagen and VSMCs [ 94 ]. 
Many of these features have been studied in small animal models of atherosclerosis 
through novel molecular imaging approaches, some of which were discussed in 
previous paragraphs. The imbalance between matrix synthesis and degradation as a 
result of increased expression of diverse groups of proteases by infl ammatory cells 
seems to contribute to destabilization of plaque’s physical integrity. Apoptotic loss 
of VSMCs leads to reduced matrix synthesis and further destabilizes the plaques. 
The presence of neovessels in the plaque, which are fragile, may contribute to 
plaque destabilization through infl ammatory cell recruitment and intra-plaque hem-
orrhage which results in necrotic core enlargement. 

 Protease activation is a highly promising target for imaging plaque vulnerability. 
MMPs and cathepsins are examples of proteolytic enzymes that are induced and 
activated by infl ammatory cells and are believed to play a causal role in plaque rup-
ture. Radiolabeled MMP-targeted tracers have been used to image atherosclerosis 
and changes in its biology following therapeutic interventions in a variety of small 
animal models, including spontaneous atherosclerosis or accelerated atherosclero-
sis following carotid artery ligation in apoE −/−  or LDLR −/−  mice [ 95 ,  96 ] or athero-
sclerosis induced by abdominal aorta de-endothelialization in hypercholesterolemic 
rabbits [ 97 ]. While some of these studies have shown a strong correlation between 
tracer uptake and plaque macrophage content and MMP-2 and -9 expression [ 95 , 
 97 ], it is still unclear how the uptake of broad spectrum MMP tracers relates to acti-
vation of specifi c MMPs and presence of tissue inhibitors. In addition to 
scintigraphic- based imaging, conjugation of gadolinium to a tetrapeptide inhibitor 
of MMPs has been successfully used for MRI of atherosclerosis in mice and rabbits 
[ 98 ,  99 ]. The proteolytic activity of MMP-2 and -9 can also be targeted using 
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“activatable” near-infrared fl uorescence substrate of gelatinases that allows optical 
imaging of atherosclerosis in apoE −/−  mice [ 100 ]. A similar methodology has been 
used to develop near-infrared fl uorescence probes to image the activity of specifi c 
cathepsins, such as cathepsins B and K, in atherosclerosis (Fig.  20.5 ) [ 101 ,  102 ]. 
Although not directly tested for imaging plaque vulnerability, myeloperoxidase, an 
enzyme produced by neutrophils and macrophages, contributes to the pathogenesis 
of atherosclerosis and may be imaged by bioluminescence imaging in vivo [ 103 ].

   The presence of apoptotic cells has been linked to plaque vulnerability [ 104 , 
 105 ]. Dead macrophages and other cells in the plaque contribute to enlargement of 
the necrotic core. Therefore, imaging apoptosis appears a promising approach to 
gain information on plaque vulnerability.  99m Tc-labeled annexin V has been exten-
sively studied for imaging atherosclerotic lesions from small animals to humans 
[ 35 ,  106 ,  107 ] and its uptake in the plaque has been correlated with the presence of 
macrophages and indices of apoptosis. As discussed previously, a confounding fac-
tor in the interpretation of annexin V studies is the limited specifi city of its target, 

  Fig. 20.5    Near-infrared fl uorescence imaging of cathepsin K activity using a cathepsin K-sensitive 
protease-activatable agent. Fluorescence refl ectance imaging demonstrates a strong focal signal in 
the aortic root, aortic arch, and abdominal aorta ( arrowheads ) of apoE –/–  mice ( a ) which corre-
sponds to visible atherosclerotic plaques. Injection of a control agent ( b ) demonstrates minimal 
near-infrared fl uorescent signal. Plaque target-to-background ratio is signifi cantly higher in the 
cathepsin K group ( c ). Reprinted with permission from Jaffer et al. [ 101 ]       
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externally exposed PS, for apoptosis, and has formed the basis for using annexin V 
imaging in studies of platelet activation and thrombus formation in aneurysm [ 108 ] 
and experimental endocarditis [ 109 ]. It is also important to note that recent studies 
have demonstrated that the role of apoptosis in atherogenesis depends on its stage, 
with apoptosis being protective in early stages and contributing to plaque enlarge-
ment in more developed lesions [ 110 ]. 

 Increased neovascularization, whether ectopic neovascularization or hyperplasia 
of vasa vasorum, in the plaque is another pathological feature of plaques that are 
prone to rupture [ 111 ]. The direct exposure of neovascular endothelium to blood 
facilitates its access to intravascular imaging probes. This can potentially increase 
targeting specifi city by limiting access of probes to structure beyond the vascula-
ture. An early example of imaging plaque angiogenesis used αvβ3 integrin-targeted 
paramagnetic nanoparticles to detect early atherosclerotic lesions in rabbit by MRI 
[ 38 ]. This approach has provided an opportunity to deliver therapeutic agents car-
ried by targeted nanoparticles to plaque neovessels, whether alone or in combina-
tion with systemic therapies (Fig.  20.6 ) [ 112 ,  113 ]. While technically challenging, 

  Fig. 20.6    MRI αvβ3 
integrin-targeted 
paramagnetic nanoparticles 
containing the antiangiogenic 
agent, fumagillin, in 
hyperlipidemic rabbits. 
Images of the abdominal 
aorta were obtained prior 
to ( top  panel), 4 h 
( middle  panel) and 1 week 
( lower  panel) after injection 
of αvβ3-targeted 
nanoparticles with ( left  panel) 
or without ( right  panel) 
fumagillin. The effectiveness 
of targeted drug delivery is 
confi rmed by decreased 
enhancement in the 
drug-treated group at 1 week. 
Reprinted with permission 
from Winter et al. [ 112 ]       
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it may also be possible to use targeted microbubbles (e.g., to αvβ3 integrin) to detect 
plaque angiogenesis by ultrasound imaging. Radiotracer-based imaging is an alter-
native approach to imaging plaque angiogenesis [ 114 ]. Given the broad distribution 
of many of the targets used for imaging angiogenesis (e.g., αvβ3 integrin, VEGF 
receptors), it is unlikely that in this case the signal originates solely from the 
neovessels.

   Geometrical remodeling plays a role in symptomatic presentation of atheroscle-
rosis [ 115 ]. Early on in the course of atherogenesis the artery undergoes expansive 
remodeling to maintain lumen size and blood fl ow. At some point in the develop-
ment, this expansive remodeling cannot compensate for the increased plaque bur-
den, resulting in luminal stenosis and reduction in fl ow. Under certain conditions, 
the artery undergoes constriction, rather than expansion, increasing the likelihood 
of luminal stenosis and symptoms of chronic ischemia. In advanced atherosclerosis, 
expansive remodeling has been linked to plaque vulnerability [ 116 ]. As such, 
molecular imaging the remodeling process in small animals may provide important 
information on plaque biology and its propensity to complications [ 45 ,  59 ]. 

 Imaging metabolic activity in atherosclerosis is the most clinically advanced 
molecular imaging approach for assessing plaque biology. Increased  18 F-FDG 
uptake in the carotid arteries of a subset of patients has been linked to the risk of 
plaque rupture and stroke [ 75 ,  76 ]. Investigation in animal models of atherosclerosis 
has related  18 F-FDG uptake to plaque infl ammation and macrophage burden [ 117 ]. 
More recent work has demonstrated that  18 F-FDG uptake in the plaque is reduced in 
the course of statin therapy [ 118 ], raising the possibility that  18 F-FDG imaging may 
be used as a surrogate for tracking the effect of therapeutic intervention on plaque 
infl ammation. However, there remain many unanswered questions about the nature 
and specifi city of  18 F-FDG uptake in atherosclerosis and molecular imaging in small 
animals will undoubtedly play an important role in addressing these issues. 

 Given the biological complexity of atherogenesis, it is likely that imaging a 
single molecular or cellular process will not be suffi cient to provide a full picture 
of its complex biology. The overlap between biology in different pathological states 
(e.g., presence of macrophages and neovascularization between “stable” and vul-
nerable plaque [ 119 ]) adds extra diffi culty to interpretation of imaging studies of 
atherosclerosis. There is considerable value in assessing plaque morphology and 
burden with classical imaging (for example to assess fi brous cap thickness, lipid 
content, artery size, and presence of calcifi cation). Recognizing these issues, many 
investigators have focused their efforts on multimodality imaging of atherosclero-
sis to combine anatomical and functional imaging. The small animal models of 
atherosclerosis provide a valuable tool to study many aspects of atherosclerosis 
biology. However, atherosclerosis in these animal models lacks some salient fea-
tures of human disease, and therefore caution is warranted in extrapolating fi ndings 
in small animals to human pathology. This is especially true for imaging plaque 
vulnerability, as despite the presence of extensive atherosclerosis burden, none 
of the existing animal models exhibit spontaneous plaque rupture and/or acute 
 coronary events.   
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3.2     Other Vascular Pathologies 

 While atherosclerosis is the most common vascular disease, other vascular diseases 
are fairly prevalent and play important roles in vascular morbidity and mortality in 
humans. In many cases (e.g., in post-angioplasty restenosis, graft arteriosclerosis 
and aneurysm) atherosclerosis is involved in the development and complications of 
these pathologies. Similar to its role in atherosclerosis, small animal imaging can 
contribute to our understanding of pathophysiology, diagnosis and treatment of 
these vascular pathologies. Restenosis is the main long-term complication of PTCA, 
and occurs in ~40 % of cases. Although the use of stents (bare metal or drug eluting) 
stents has dramatically reduced the incidence of restenosis, restenosis remains the 
prototypic example of arterial response to injury. Animal models of mechanical 
injury provide a unique tool to study the pathogenesis of restenosis and other vascu-
lar pathologies that are associated with geometrical remodeling and neointimal 
hyperplasia. As discussed in previous sections, VSMC proliferation and matrix 
remodeling, key pathogenic processes in restenosis have been targets of molecular 
imaging in various small animal models [ 45 ,  59 ,  120 ]. Expression and activation of 
αv integrins parallels cell proliferation in a model of wire injury to carotid artery in 
apoE −/−  mice, providing the molecular basis for integrin-targeted imaging of cell 
proliferation in vascular remodeling [ 45 ]. 

 GA, the main cause of late transplant failure in cardiac transplantation, is char-
acterized by diffuse concentric narrowing of coronary lumen secondary to neointi-
mal hyperplasia. Immunity plays a central role in the development of GA which 
shares many cellular and molecular features of restenosis. GA is often diagnosed in 
advanced stages when the effect of therapeutic interventions may be limited. 
Molecular imaging targeted at relevant pathological features in small animals may 
lead to the development of an imaging approach for early GA, and help improve our 
understanding of pathogenesis. However, there is some debate about the relevance 
of various animal models of transplantation to human GA. The most widely used 
model of GA is based on aortic allotransplantation across a minor antigen or in the 
presence of immunosuppression, which leads to medial VSMC loss and their 
replacement with cells of donor origin. In an alternative approach, segments of 
human artery can be transplanted to immunodefi cient mice. Adoptive transfer of 
human mononuclear cells in this models leads to an arteriopathy which mimics 
many features of human GA [ 121 ]. It has been shown that similar to neointimal 
hyperplasia in restenosis, cell proliferation in this chimeric human/mouse model of 
GA may be detected by targeting avb3 integrin activation in vivo [ 121 ]. Recent 
development of imaging approaches to study leukocyte traffi cking and infl amma-
tion in atherosclerosis [ 10 ] raises the possibility that the same methodologies can be 
applied to imaging GA. 

 Aortic aneurysm is another example of a fairly prevalent vascular disease with 
considerable morbidity and mortality [ 122 ]. Aortic aneurysm rupture or dissection 
can be lethal, justifying surgical intervention in the subset of aneurysms that are at 
high risk for complication. While aneurysm size is the best known predictor of its 
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propensity to rupture, it is likely that molecular and cellular features which are 
 associated with aneurysm expansion, rupture or dissection can be targeted by 
molecular imaging and help identify high risk small aneurysms [ 123 ]. Aneurysm 
thrombosis may lead to highly morbid embolic events, and it may be helpful to 
detect thrombus formation in aneurysm by molecular imaging. As previously dis-
cussed,  99m Tc- Annexin  V has been used to detect arterial thrombosis in a rat model 
of abdominal aortic aneurysm [ 108 ].  

3.3     Myocardial Pathology 

 Despite species-specifi c differences in myocardial biology, small animal models 
have served as the starting point for many observations on myocardial pathology, 
imaging and therapy that were later on validated in larger animals and in humans. 
Molecular imaging of the myocardium which started with studies of myocardial 
metabolism has markedly extended and now includes studies of myocardial struc-
ture, neurohormonal dysfunction, infl ammation and immunity, and therapeutic 
interventions, which will be reviewed in the following sections. 

3.3.1     Ischemia and Infarction 

 Myocardial ischemia triggers changes in substrate utilization from fatty acids to 
glucose. This change has served as the basis for imaging ischemic memory with 
either  18 F-FDG [ 124 ] or radiolabeled fatty acid and their analogues such as 
 123 I-iodophenylpentadecanoic acid and β-methyl- p -iodophenyl-pentadecanoic acid 
(BMIPP) [ 125 ]. Like other fatty acids, BMIPP uptake is facilitated by CD36 or fatty 
acid translocase (FAT) [ 126 ] and BMIPP retention is dependent on its irreversible 
and ATP-dependent metabolism which is reduced in the setting of myocardial isch-
emia [ 127 ]. Although imaging in small animal models of myocardial ischemia can 
still provide important information on cardiac metabolism, much of the investiga-
tion in this fi eld has moved to imaging in large animals and humans. 

 Following prolonged ischemia or as a result of reperfusion injury the myocar-
dium undergoes apoptotic and necrotic cell death. Disruption of membrane integrity 
in necrotic and apoptotic cells exposes intracellular myosin which is normally not 
accessible to imaging tracers. As such, anti-myosin imaging with labeled antibodies 
has been extensively studied to image MI in various animal models and in humans 
[ 128 – 130 ]. This approach to imaging myocardial damage has evolved to include 
targeting other biologically relevant processes using tracers with better pharmaco-
kinetic profi les. Myocardial apoptosis has been imaged using different imaging 
modalities. Labeled Annexin V has been used to image cell death following 
ischemia- reperfusion by scintigraphic imaging in rats [ 131 ], and an annexin-labeled 
magnetofl uorescent nanoparticle, AnxCLIO-Cy5.5 has provided high resolution 
images in murine models of cardiomyocyte apoptosis [ 132 ]. Other investigators 
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have used fl uorescent-labeled annexin V to image the kinetics of apoptosis  following 
reperfusion injury in real time in beating mouse heart [ 133 ]. More recently, the C2A 
domain of synaptotagmin I, a transmembrane traffi cking protein, which specifi cally 
binds with high affi nity to PS and phosphatidylinositides has been labeled and used 
for imaging cell death by MRI in tumors [ 134 ] and by scintigraphic imaging in rat 
models of ischemia-reperfusion [ 135 ].  

3.3.2     Healing, Remodeling and Heart Failure 

 Following acute injury the myocardium is inundated with an infl ammatory infi l-
trate which initiates the healing process. Activation of the transcription factor 
nuclear factor (NF)-κB is an early event in this infl ammatory response to ischemia- 
reperfusion. The kinetics of NF-κB activation following MI has been studied by 
in vivo molecular imaging using a transgenic mouse expressing luciferase under 
the control of NF-κB [ 136 ]. NF-κB activation is an upstream regulatory event for 
many endothelial adhesion molecules (e.g., VCAM-1) which are upregulated fol-
lowing ischemia-reperfusion, and may be detected by molecular imaging in vivo. 
The cellular composition of the infl ammatory infi ltrate is dynamic, and includes 
elements of both innate and adaptive immunity. As such, molecular imaging of 
various leukocyte subpopulations and their products can play an important role in 
studies of post-MI healing [ 9 ,  15 ,  137 ] .  Myeloperoxidase an infl ammatory enzyme 
produced by activated neutrophils and monocyte-macrophages following MI has 
been imaged in mouse using an activatable MRI tracer [ 137 ]. Other studies have 
focused on imaging cathepsins and MMPs which in conjunction with other infl am-
matory components play an important role in myocardial healing, angiogenesis, 
and remodeling. 

 MMPs play a signifi cant role in post-MI remodeling by directly altering ECM 
components or indirectly by affecting other molecular and cellular processes. 
Inhibition of MMPs, through pharmacological interventions or gene deletion, favor-
ably alters post-MI ventricular remodeling and shows therapeutic potential for pre-
vention of heart failure. Various imaging strategies have been devised to assess in 
vivo MMP activity to further delineate its role in post-MI remodeling as well as to 
evaluate therapeutic interventions. MMP-2 and -9 activity has been longitudinally 
tracked in a murine model of MI by optical imaging using a enzyme-activated near- 
infrared fl uorescence probe [ 57 ]. A family of  111 In- or  99m Tc-labeled broad-spectrum 
MMP tracers (RP782, RP805), which target multiple activated MMPs, have been 
used for non-invasive imaging of MI and remodeling in rodents (Fig.  20.7 ) [ 58 ]. In 
addition to their uptake in the infarct area, these probes are also taken up in the 
remote, presumable healthy areas, refl ecting the diffuse nature of MMP activation 
following MI. These studies have provided novel insight into the temporal and spa-
tial pattern of MMP activation which precedes pathological ventricular remodeling, 
stressing out the contribution of small animal molecular imaging to studies of car-
diovascular diseases. Similar approaches will help further elucidate the roles of 
individual members of the MMP family in the pathogenesis of cardiomyopathy and 
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ventricular remodeling and may serve as a clinical tool to predict and assess the 
effect of therapeutic intervention for ventricular remodeling.

   Angiogenesis and arteriogenesis are integral to the healing process after MI. 
While a primary function may be to increase blood supply to reduce ischemia, they 
play an equally important role in regulating pathological remodeling and preventing 
the development of heart failure. The feasibility of molecular imaging of angiogen-
esis was initially demonstrated in a rat model of MI [ 37 ]. Ex vivo analysis demon-
strated signifi cant uptake of RP748, an  111 In-labeled quinolone targeting activated 
αvβ3 integrin in the regions of decreased perfusion detected by reduced  201 Thallium 
retention. In subsequent studies, the pro-angiogenic effect of MMP-9 gene deletion 
on ischemia-induced angiogenesis was demonstrated by SPECT imaging in the 
wild type and MMP-9 −/−  mice using NC100692, a  99m Tc-labeled RGD peptide [ 138 ]. 
The time course of neovascularization and integrin expression following MI in rats 
was studies by PET imaging using  18 F-Galacto-RGD [ 46 ]. While there was no sig-
nifi cant uptake of the tracer at 1 day after MI, tracer uptake was clearly detectable 
as early as 3 days and peaked at 1–3 weeks after reperfusion. 

  Fig. 20.7    MicroSPECT/CT imaging of MMP activation in post-myocardial infarction remodel-
ing. Dual tracer imaging in mice at 1 and 3 weeks after myocardial infarction or sham operation 
demonstrated enhanced  99m Tc-labeled MMP tracer (RP805) uptake in the areas of decreased perfu-
sion detected by  201 Tl. Reprinted with permission from Su et al. [ 58 ]       
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 VEGF receptors are upregulated during ischemia and as described earlier, have 
been targeted effectively to image angiogenesis. In addition to their role in neovas-
cularization, growth factors and their receptors are also involved in post-MI remod-
eling. A PET tracer,  64 Cu-6DOTA-VEGF 121  has been successfully utilized to monitor 
kinetics of VEGF receptor expression in the rat myocardium after MI [ 139 ]. Similar 
to αvβ3 integrin, VEGF receptors are expressed by ECs and other cells, including 
infl ammatory cells which play an important role in ventricular remodeling, and cau-
tion is warranted in attributing tracer uptake solely to neovascularization in the 
infarct region. 

 The healing process after myocardial injury often leads to myocardial fi brosis, 
the detection of which may be useful for studies of cardiomyopathy. Myocardial 
fi brosis whether regional, as in post-infarct scar, or diffuse, as in the case of non- 
ischemic cardiomyopathy, is readily detectable by MRI [ 140 ]. While a growing 
number of targeted probes accumulate in the scar [ 141 ,  142 ], none has been shown 
to detect the diffuse fi brosis in cardiomyopathy. The non-specifi c uptake of probes 
by the scar tissue mandates careful attention to appropriate controls in investiga-
tional studies of novel tracers. 

 The blood coagulation factor, transglutaminase factor XIII (FXIII), which is acti-
vated by thrombin [ 143 ] plays a cardioprotective role in post-MI remodeling by its 
involvement in ECM metabolism and its regulatory effect on the infl ammatory 
response to stabilize the infarct. SPECT imaging of in vivo FXIII activity has been 
performed using a FXIIIa-sensitive probe ( 111 In-NQEQVSPLTLLK) [ 144 ]. Cross- 
linking of this probe with ECM components led to focal probe retention, refl ecting 
the presence of FXIII activity. Using this probe in a murine model of MI investiga-
tors were able to directly monitor FXIII activity in vivo [ 145 ], demonstrating that 
treatment with thrombin inhibitor dalteparin decreases FXIII activity and increases 
incidence of ventricular rupture. Thus, imaging FXIII activity post-MI would allow 
monitoring healing and possibly predicting prognosis.  

3.3.3     Neurohormonal System and Cardiac Innervation 

 Activation of the renin-angiotensin system contributes to pathological remodeling 
and progressive cardiac dysfunction. Many of the effects of the renin-angiotensin 
system activation are mediated by angiotensin II, which in addition to enhancing 
VSMC tone and salt and water retention, promotes cardiomyocyte hypertrophy, 
fi broblast hyperplasia [ 146 ] and extracellular matrix deposition [ 147 ]. A number of 
clinical trials have demonstrated improved survival, decreased progression of heart 
failure and reversal of LV remodeling following treatment with angiotensin convert-
ing enzyme (ACE) inhibitors [ 148 ,  149 ], angiotensin II type I receptor (AT1R) 
blocking agents [ 150 ] and aldosterone inhibitors [ 151 ]. To date, several radiolabeled 
ACE inhibitors and AT1R antagonists have been labeled and evaluated in prelimi-
nary experiments for defi ning the kinetics of angiotensin receptor expression after 
myocardial infarction and detection of ventricular remodeling [ 152 ,  153 ]. Ongoing 
imaging studies in small animal models will establish the utility of this approach for 
predicting pathological ventricular remodeling and response to therapy. 
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 Abnormalities in myocardial innervation are common fi ndings in myocardial 
ischemia, heart failure and arrhythmia.  123 I-metaiodobenzylguanidine (MIBG), a 
false neurotransmitter and an analog of norepinephrine and  11 C-hydroxyephedrine 
(HED) have been extensively studied for assessment of global and regional cardiac 
sympathetic innervation by planar, SPECT and PET imaging [ 154 ], and are under 
clinical evaluation in heart failure and arrhythmia. Similarly, other tracers under 
evaluation in small animal models for imaging various aspects of cardiac innerva-
tion provide novel opportunities for assessing prognosis and the effect of therapeu-
tic interventions in heat failure [ 155 ].  

3.3.4     Acute Transplant Rejection 

 Cardiac transplantation, often used for treatment of end stage heart failure, is com-
plicated by acute rejection in a large group of patients. The surveillance of heart 
transplant recipients involves obtaining multiple endomyocardial biopsies at regular 
intervals, which is an invasive procedure and prone to sampling error. Molecular 
imaging may provide a noninvasive method of graft surveillance with earlier detec-
tion of rejection, a higher predictive value and fewer complications. Initial clinical 
trials to evaluate molecular imaging strategies for non-invasive detection of acute 
rejection in heart transplants using an  111 In-labeled anti-myosin antibody to detect 
cardiomyocyte death [ 156 ] and  99m Tc-annexin V to target cardiomyocyte apoptosis 
[ 157 ] have not led to widespread clinical use. Recent animal studies have focused 
on imaging immune response in the course of acute rejection and have targeted 
phagocytic activity and protease expression of macrophages for imaging transplant 
rejection [ 16 ,  158 ,  159 ].  

3.3.5     Tracking Gene and Cell Therapies 

 Gene and cell therapy are novel and promising therapeutic approaches to a variety 
of diseases, including heart failure [ 160 ]. Following the initial enthusiasm with gene 
therapy, this approach has faced a number of obstacles, including safety concerns, 
which have limited its use in clinical trials. In animal studies, regenerative therapy 
using a variety of cells has shown to improve cardiac function and reduce infarct 
size. However, the mechanisms of these benefi cial effects are yet to be elucidated, 
and may include paracrine effects, differentiation into or fusion with cardiac myo-
cytes, enhanced neovascularization and recruitment of benefi cial cells to the infarct 
area. The optimal cell types and delivery methods have not been defi ned and transla-
tion to clinical application has been diffi cult with studies showing inconclusive and 
at times confl icting results. Molecular imaging can help assess the distribution and 
survival of transplanted cells and understand their mechanism of action. 

 One strategy to track the fate of transplanted cells involves their labeling with 
radioisotopes prior to delivery and high sensitivity SPECT or PET imaging. Several 
approaches for cell labeling, including  111 In-oxine [ 161 ,  162 ],  111 In-tropolone [ 163 ], 
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 99m Tc-exametazime [ 164 ], and  18 F-FDG [ 165 ] have been tested in animal studies. 
These and other studies have established the usefulness of radiolabeling cells for 
in vivo imaging by scintigraphy, demonstrating an overall low uptake and reten-
tion of transplanted cell in the infarct area in rodents. Imaging  111 In-oxine labeled 
hematopoietic progenitor cells introduced directly into the ventricular cavity of 
rats with normal or infarcted myocardium supported the presence of a possible 
homing mechanism directing cells to the infarct area [ 161 ]. Limitations of this 
approach include the short half lives of radiotracers, restricting the tracking of 
transplanted cells to a few days, possible radiotoxicity and low spatial resolution. 
An alternative labeling approach involves loading cells with paramagnetic iron-
oxide particles which generate signals on T2-weighted MRI images. Using this 
approach, iron- labeled bone marrow stromal cells have been tracked in a rat 
model of MI for a period of 16 weeks [ 166 ]. Limitations of MRI include the 
inability to differentiate viable from non viable cells or with macrophages which 
retain iron particles. 

 An alternative method for tracking transplanted cells involves indirect labeling 
with reporter genes. Reporter genes are incorporated into cells using viral or non- 
viral vectors and encode proteins that interact with an imaging probe to produce 
signals detectable by MRI, SPECT, PET and optical imaging. Longitudinal tracking 
of cells is possible as transcription and translation only occur in viable cells and 
their progeny. Bioluminescence- and fl uorescence-based optical imaging has proven 
especially useful in tracking stem cells in small animals. In a recent study, murine 
embryonic stem cells transfected with a triple-fusion reporter gene consisting of 
fi refl y luciferase, red fl uorescence protein, and truncated herpes virus thymidine 
kinase were introduced in a rat model MI and their survival, migration and prolif-
eration was successfully tracked using optical and PET imaging (Fig.  20.8 ) [ 167 ]. 
Despite the high detection sensitivity of optical imaging, its use with the current 
technology is limited by the depth of penetration and restricted to imaging in small 
animals.

4          Summary 

 Recent advances in imaging technologies and tracer development have opened the 
way for the progress in molecular imaging of the cardiovascular system in small 
animals, as discussed in detail here. While this review of the state of the art is by no 
means exhaustive and due to space limitations a number of highly informative origi-
nal studies are omitted, it is clear that after a decade of experimentation and devel-
opment, we are now entering a new era in cardiovascular molecular imaging. We 
see some of the approaches validated in small animals tested in patients and are on 
the verge of entering routine clinical practice. Pilot studies have established many 
molecular and cellular aspects of cardiovascular pathobiology as potential targets 
for molecular imaging. Additional developmental work is necessary to establish 
better or representative animal models, e.g., for atherosclerotic plaque rupture and 
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erosion, aortic aneurysm, chronic rejection and non-ischemic cardiomyopathy. 
Standard protocols are yet to be established for molecular imaging in small animals, 
including image reconstruction and analysis. Novel tracers are needed for neglected 
areas of investigation, including cardiovascular complications of diabetes and other 
systemic diseases. Although from an economical and regulatory stand point it may 
be necessary to focus on a few highly promising tracers with broad clinical applica-
tion, the complexity of cardiovascular biology cannot be accurately refl ected by a 
few tracers selected for clinical development. Therefore, it is important to pursue 
the validation of existing tracers and work on identifying novel targets and probes 
for imaging cardiovascular processes. In conjunction with advances in multimodal-
ity imaging, which has helped overcome some of the limitations of individual imag-
ing technologies, this is expected to lead to remarkable expansion of cardiovascular 
molecular imaging in small animals as a tool for understanding pathobiology and 
drug development.     

  Acknowledgments   This work was supported by National Institutes of Health R01 HL85093, and 
a Department of Veterans Affairs Merit Award to MMS.  

  Fig. 20.8    Tracking of transplanted embryonic stem cells by serial bioluminescence and PET 
imaging. Murine cells transduced with a triple-fusion reporter gene construct containing fi refl y 
luciferase, truncated thymidine kinase, and monomeric red fl uorescence protein were injected into 
adult athymic rat hearts and animals were imaged over a 4 week period. Bioluminescence ( top ) and 
PET ( bottom ) signals progressively increased from day 4 to week 4 ( a ,  b ) and displayed a strong 
correlation ( c ). ( BLI  bioluminescence). Reprinted with permission from Cao et al. [ 58 ]       
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1            Introduction 

1.1     Characteristics of Cancer: Defi ning Molecular Targets 

 Extensive research has characterized, and will continue to explore, the complexity 
of tumorigenesis (i.e., the process by which a normal cell transforms). In addition to 
acquisition of genetic mutations (Table  21.1 ), recent advances in molecular genetics 
have also implicated transcriptional regulatory mechanisms (e.g., epigenetic altera-
tions [ 1 ]) and post-transcriptional modifi cations (e.g., microRNAs (miRNAs) [ 2 ]) 
as major contributors to the cancer phenotype. While these individual events may 
transform a single cell, a tumor is composed of cancerous cells, stromal cells, fi bro-
blasts, cancer stem cells, and infl ammatory cells, among others, which create a sta-
ble microenvironment for the tumor as a whole to survive and thrive [ 3 ,  4 ]. Together, 
the altered tumor cell proteome and extracellular communication set the stage for a 
signaling network re-programmed for uncontrolled proliferation and replication, 
self-suffi ciency, resistance to apoptosis/cell death, stimulation of angiogenesis, and 
invasion and metastasis [ 5 ]. These physiological properties and genetic alterations 
associated with cancer can be utilized as molecular targets to (a) create molecular 
probes for detecting cancer with various molecular imaging modalities; (b) design 
new chemotherapeutic therapies; and (c) (combine  a  and  b ) create delivery systems 
to target chemotherapeutic drugs to the tumor in order to decrease cytotoxic effects 
on normal cells/tissue.

    Chapter 21   
 Applications of Molecular Small-Animal 
Imaging in Oncology 
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       Table 21.1    Frequent genetic mutations and/or altered gene/protein expression patterns in several 
types of cancer   

 Cancer type  Subtypes (most common) 
 Common genetic mutations and/or differential 
expression changes 

 Breast  1. Ductal   BRCA1, BRAC2, ERα, PTEN, LKB1, p53, 
Casp8, TGFβ1, FGFR2, M4P3K1, PGR, 
FOX P3, ATF2, HER2  [ 188 ,  189 ].  CCND1, 
cMYC  [ 190 ] 

 Lung  1. Non-small cell lung 
carcinoma (NSCLC) 

  K-Ras-2, H-Ras-1 [ 191 ] , ERBB2, EGFR, RARβ, 
RB, p53, p16, cMYC, EIF4e, CCND1, 
COX2, VEGF  [ 190 ] 

 2. Small cell lung 
carcinoma (SCLC) 

 3. Bronchial carcinoid 
 Colorectal  1. Colon cancer   APC, CTNNB, p16, SMAD4, CCKBR, TGFβRII, 

COX2, DCC, BCL2 p53, K-Ras, hMSH2, 
PI3KCA, cMYC, BAX, CCND1 [ 21 ,  190 ] 

 2. GIST (Gastrointestinal 
Stromal Tumor) 

  

 3. Rectal cancer 
 Skin  1. Melanoma   NRas, BRAF, c-Kit, MITF, PTEN  [ 192 ] 

 2. Basal cell carcinoma 
 3. Squamous cell 

carcinoma 
 Liver  1. Hepatocellular 

carcinoma 
  CTNNB1, p53, APC, HNF1a  [ 193 ],  K-Ras, 

PDGF, TGFβ,DDR1, IGF2R, M6F, PTEN, 
CCND1, IEGF, MMP9/14, cMYC, EGFR  
[ 194 ] 

 Pancreas  1. Ductal adenocarcinoma   K-Ras2, pl6/INK4A, p53, DPC4/SMAD4, 
BRCA2, TGFβRII  [ 195 ] 

 Brain  1. Glioblastoma   p53, VEGF, p16  ,   PTEN, COX2, CCNE  ,  
 CCNA,p27, HER2/HER4, INK4a, cMYC, 
EGFR  [ 196 ] 

 2. Medullablastoma 
 Hematological  1. Leukaemia (AML/ALL)   RB  (and  p130), p16   INK4A   , p15    INK4B   , p53, MDM-2, 

ATM, CBP/p300, NF1,AML1, WT-1,  IκBα 
 DCC, MSH2, PTEN, SMAD4/TGFβ, BAX, 
FAS/APO-1, hMLH1 [ 190 ,  197 ] 

 2. Non-Hodgkin’s 
lymphoma 

  

 3. Hodgkin’s lymphoma 
 4. Multiple myeloma 

 Prostate  1. Androgen dependent   cMYC, c-Met, CCND1, CKN1B  ,   FGF8, FLT1, 
VEGF, TGFβ, PTEN, BLC2,pl6, p53, RAF, 
RB, AR  [ 190 ] 

 2. Androgen independent 
 Ovarian   K-Ras, BRAF, AKT, p53, RB, PTEN, BRCA1/2, 

HOX  [ 198 ] 
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1.2        Clinical Cancer Detection by Molecular Imaging 

 Clinical imaging of cancer can be divided into three purposes: (1) detection and 
diagnosis; (2) staging; and (3) treatment monitoring.  First , cancer detection and 
diagnosis is most commonly investigated using anatomical imaging techniques—
mainly computed tomography (CT), but also, magnetic resonance imaging (MRI) 
[ 6 ,  7 ] and ultrasound (US) [ 6 ,  8 ]. These techniques explore abnormal lesions based 
on anatomical-morphological changes, and most often detect tumors when the 
diameter is greater than 1 cm [ 8 ]; this is mostly due to the fact that patients often do 
not exhibit symptoms until they have a sizable tumor and imaging is performed at 
rather late stages of the tumor. Once an abnormal lesion is detected, then an imaging- 
guided biopsy can be taken and analyzed by histology/pathology in order to deter-
mine if the lesion is malignant or benign. If it is malignant, the  second  step of cancer 
imaging is staging, which serves to determine the extent to which the cancer has 
spread (i.e., detection of local or distant metastases), and to recommend proper 
treatment options (i.e., surgery and/or chemotherapy/radiotherapy) [ 6 ]. Post- 
surgical imaging is also necessary to determine the presence/absence of residual 
disease [ 6 ]. Imaging of micrometastases and/or residual cancer cells requires highly 
sensitive imaging techniques. For this reason, scintigraphic imaging modalities (i.e., 
single photon emission computed tomography (SPECT) and positron emission 
tomography (PET)) are often used in combination with anatomical-morphological 
imaging for cancer staging in the clinical environment [ 9 ,  10 ]. More specifi cally, 
 18 F-fl uorodeoxy glucose ( 18 F-FDG) is the most commonly used PET radiotracer 
(~95 % of all clinical PET [ 8 ,  10 ]) that accumulates in tumors due to their higher 
cellular metabolic rate compared with normal tissue [ 10 ,  11 ]. The success rate of 
cancer imaging with  18 F-FDG PET exceeds 85 % in part because of the high sensi-
tivity (subnanomolar to submillimolar range [ 11 ,  12 ]) and low background signal 
from normal tissue (except brain, kidneys, and bladder). Moreover, the high sensi-
tivity of  18 F-FDG PET/CT enables detection of early stage tumors and/or pre- 
cancerous lesions, as well as, early characterization of therapeutic response [ 11 ]. 
However, some cancers may not be imaged using  18 F-FDG PET/CT because some 
cancers do not uptake the probe (e.g., thyroid and neuroendocrine [ 11 ]), or, back-
ground signal in normal tissue is too high due to sites of infl ammation or high meta-
bolic activity of normal cells (e.g., brain) [ 10 ]. One example of another molecular 
imaging modality used for staging is MRI detection of lymph node metastases. 
Contrast enhanced MRI using magnetic nanoparticles targeted to macrophages in 
lymph nodes was able to detect mm-sized micrometastases of prostate cancer in 
lymph nodes [ 13 ], and this method has been approved for detection of lymph node 
metastases common to other forms of cancer (e.g., genitourinary cancers, breast 
cancer, and head and neck cancer) [ 8 ]. Sensitive and quantitative detection of cancer 
is also required for the  third  step in imaging: treatment monitoring.  18 F-FDG-PET/
CT is the most common molecular imaging modality used for monitoring changes 
in tumor size (i.e., volume measurement) as a read-out for response to chemother-
apy. However, several studies have established non-specifi c uptake (i.e., due to 

21 Applications of Molecular Small-Animal Imaging in Oncology



588

tumor hypoxia and multi-drug resistance (discussed further below)), and the push is 
toward monitoring molecular events specifi c to the type of therapy administered [ 8 ]. 
For these reasons, it is imperative to develop other molecular probes and/or improve 
upon the sensitivities of other molecular imaging modalities. Most pre-clinical eval-
uations of new molecular probes and/or contrast agents involve extensive biodistri-
bution, pharmacokinetics, sensitivity, and toxicity measurements in small animal 
models of cancer, which are discussed in the next paragraph.  

1.3     Small-Animal Models in Oncology 

 Several rodent models exist for studying neoplastic phenotypes in vivo, and these 
include: (1) a sub-cutaneous tumor graft; (2) injection of tumor cells or surgical 
transplantation of solid tumor orthotopically to organ/site of interest, (3) genetic 
modifi cation of animals to promote tumorigenesis, and (4) treatment of the animal 
with a known carcinogen to induce cancer [ 14 ]. The  fi rst  model—a sub-cutaneous 
tumor graft—involves the injection of established tumor cell lines (often human 
(i.e., xenograft), see Table  21.2  for list of commonly used cancer cell lines) under 
the skin, forming a bleb. This model type is extremely useful for proof-of-principle 
molecular imaging studies, since several different genotypic cell lines are available; 
therefore, the researcher can easily fi nd or manipulate cell lines for proper positive 
and/or negative controls. For example, RKO colon cancer cells are wild-type for 
expression of adenomatous polyposis coli ( APC ), while most colon cancer cells 
express a mutated, functionally inactive form of  APC . If a researcher wanted to 
design a probe to target only colon cancer cells expressing mutant  APC , then they 
could use RKO colon cancer cells as a negative control. Scientists may also opt to 
use primary cancer cells extracted from human patient neoplasms; however, these 
are often less characterized for genetic alterations. Another advantage to this model 
is that a three-dimensional tumor forms quickly (often within 1–4 weeks), and has 
some phenotypical characteristics (such as hyperproliferation, angiogenesis, and 
necrosis) commonly observed in tumors. One disadvantage of this model is inherent 
in the use of cell lines, which will only contain one type of cancer cell, thereby mak-
ing the tumor relatively homogeneous. Another disadvantage of sub-cutaneous 
tumor grafts is that the microenvironment does not accurately refl ect that which 
may be experienced in the organ. For example, a sub-cutaneous tumor graft of pan-
creatic cancer cells would be surrounded by skin and muscle, and most angiogenic 
vessels would be recruited from the muscle side. This environment is quite different 
than the pancreas, which is rich in blood vessels and varied structure (ducts, acinar 
cells, fi brous).

   The  second  type of model—orthotopic tumor model—is used to compensate for 
the issues associated with microenvironment and is established by injecting tumor 
cells in or transplanting solid tumor to a specifi c organ/site. There are several advan-
tages to orthotopic tumor models: (1) Like sub-cutaneous tumors, orthotopic tumors 
grow relatively quickly (though may be slower because less cells are typically 
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injected to accommodate for the smaller size and increased density in organs); (2) 
These models are also particularly useful for development of molecular imaging 
because implantation in the site of interest aids in confi rmation that there is differ-
ential imaging signal between the cancerous and normal tissue; and (3) Orthotopic 
models can be useful for studying metastatic disease [ 15 ]. There are several types of 
metastatic orthotopic models, depending on the site of injection. For example, 
metastasis of hepatocellular cell carcinoma (HCC) has been studied by surgically 
transplanting human patient HCC specimens onto the mouse liver [ 16 ], or by inject-
ing a suspension of human HepB HCC cell line into the surgically- exposed liver of 
SCID mice [ 17 ]. Another method used for studying metastasis is to inject tumor 
cells intravenously in the small animal, and observe where they “home” (i.e., 
adhere) to [ 18 ]. A major disadvantage of orthotopic models is the fact that they still 
do not recapitulate site specifi city associated with cancer initiation (e.g., pancreatic 
ductal adenocarcinoma arises in pancreatic ducts, and invasive disease spreads to 
regions of acinar cells, but pancreatic tumor cells injected orthotopically in the pan-
creas would likely be mixed with acinar cells). 

 The  third  type of rodent model commonly used in cancer research is genetically 
engineered, or transgenic mice. There are two strategies to genetically modify a 
rodent: (1) “knock-in” strategy involves introducing a new gene into the rodent 
genome; or, (2) “knock-out” strategy whereby a rodent gene is substituted with an 
inactive rodent gene or human gene. The “knock-out” strategy is employed frequently 
to understand the effects of various genetic alterations associated with cancer 
(Table  21.1 ). These alterations include the overexpression of oncogenes (e.g.,  CCND1 , 
which encodes cyclin D1, a mitogenic protein), expression of mutated oncogenes 
(e.g., oncogenic  KRas   V12G  ), deletion or down-regulation of tumor suppressor gene 
expression (e.g.,  p53 ), and fi nally, expression of a mutated, non- functional tumor sup-
pressor gene (e.g.,  APC   1638N  ). Notably, several of these genetic abnormalities, includ-
ing expression of oncogenic  KRas   V12G   and deletion or suppression of  p53 , are common 
between cancer types; however, caution must be exercised as each of these mutations 
contribute differently to each type of cancer.   For example,  KRas  mutations occur early 
during lung tumorigenesis and have been implicated with tumor initiation [ 19 ], 
whereas  KRas  mutations occur later in colon cancer tumorigenesis, and are associated 
with tumor progression [ 20 ,  21 ]. The “knock-out” transgenic mouse/rodent is bred by 
combining two transgenic mice: one with a “knock-in” expression of an enzyme 
named Cre recombinase, and one with a “knock-in” of a plasmid expressing the target 
gene with two LoxP sites (i.e., recognition sites inserted one before and one after the 
target gene sequence) followed by the ‘replacement’ gene. When offspring inherit 
both the Cre recombinase expression and target gene expression system, the Cre 
recombinase binds the two LoxP sites preventing expression of the target gene, and 
the ‘replacement’ gene is then transcribed. This method is called Cre-Lox site-specifi c 
recombination, and can also be used to direct expression of a gene (e.g., a mutation or 
truncated gene) to a specifi c organ using a tissue-specifi c promoter in front of the 
‘replacement’ gene (see review [ 14 ]). For example, mutation(s) in  KRas  ( KRas   V12D   or 
 KRas   G12D  ) is/are frequently observed in several cancers, including breast, colon, pan-
creas, and lung. If all the tissues express the mutation, then several tumors can form in 
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the animal, which may not be desirable because the animal can have infl ammatory 
reactions affecting tumor growth, and/or the health of the animal may be compro-
mised before the tumor at the site of interest is optimal for the planned experiment. 
For this reason, it is optimal to direct expression to a specifi c organ/tissue using a 
tissue- specifi c promoter. Several mouse models (Table  21.2 ) have been developed to 
study the effects of oncogenic  Kras  in tumor formation within specifi c tissues. The 
tissue- specifi c promoters include: (1) pVillin (colorectal) [ 20 ]; Pdx1 (pancreas) [ 22 ]; 
(2) thyroglubulin (thyroid) [ 23 ], and (3) LA1 (lung) [ 24 ]. Several other tissue-specifi c 
promoters are described in a review by Ristevski et al. [ 25 ]. Caution must be exercised 
to ensure that the tissue-specifi c promoter is fully characterized [ 25 ]. For example, 
Tuveson et al. [ 26 ] used a Mist1 promoter to drive pancreatic tumorigenesis in pancre-
atic acinar cells, but also observed hepatocellular carcinoma. Taken together, Cre- 
LoxP recombination-generated transgenic mice are an exquisite tool for studying the 
effects of specifi c genetic alterations. Another advantage of this system is that they 
closely resemble the patterns of tumorigenesis in humans. For example, the Pdx1-Cre 
LoxP-Stop-LoxP( LSL ) -KRas   V12G   mouse model develops  Pan creatic  I ntraepithelial 
 N eoplasia s  (PanINs) with similar progression patterns and kinetics to that histologi-
cally observed in humans [ 22 ,  27 ]: (1) ductal epithelial cells lengthen forming a 
columnar shape (as opposed to cuboidal), and begin to produce copious amounts of 
cytoplasmic mucin (stage PanIN-1A starting at age 2 weeks in mice); (2) formation of 
papillary or micropapillary ductal lesions (i.e., growth of abnormal ductal epithelium 
inwards towards ducts; stage PanIN-1B); and, (3) atypical nuclei and loss of cell 
polarity occur in moderate (stage PanIN-2) or signifi cant (PanIN-3) frequencies. In 
addition, the authors demonstrated that the stromal/acinar compartment associated 
with the tumor had abnormalities including an infl ux of infl ammatory cells and fi bro-
blasts, as well as collagen deposition [ 22 ]. This example clearly demonstrates the 
ability of the transgenic mouse model to appropriately mimic human cancer. In addi-
tion, the effects of multiple oncogenes can be examined by multiple breeding. 
Hingorani et al. [ 22 ,  28 ] extended the Pdx1-Cre  LSL-KRas   V12G   model studies by cross-
ing them with a  p53   R172H   mutant mouse to study the effects of both mutant  KRas  and 
 p53  (mouse model: Pdx1-Cre  LSL-KRas   V12G   /p53   R172H  ), and found that the double 
mutation promoted increased invasion and liver metastases. The median survival time 
for these mice was 5 months; however, in some cases (especially important for when 
investigating the effects of genes not previously reported), the genetic alterations may 
result in embryonic lethalities. In this situation, it is desirable to conditionally express 
the oncogene such that expression can be under temporal control [ 25 ,  29 ]. This is 
accomplished by the use of inducible-gene expression systems, where the promoter of 
the ‘replacement’ gene depends on the presence/absence of a chemical. Several induc-
ible systems are available: (1) metallothionien promoter (relies on presence of heavy 
metals); (2) interferon- inducible promoter (e.g.,  6-16, Mx1,  or  OAS ; relies on presence 
of interferons); (3) hormone-inducible (e.g., insect hormone 20-OH ecdysone, or syn-
thetic estrogen; relies on expression of receptor to bind to hormone and presence of 
hormone); and (4) antibiotic-inducible (e.g., tetracycline (Tet); requires expression of 
Tet receptor to take up Tet, and presence/absence of Tet) (see Ristevski et al. [ 25 ] for 
review). Inducible-systems can provide better control over gene expression; however, 
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they involve adding a chemical (and sometimes, expression of receptor/activator) in 
circulation. The disadvantages of adding a circulating chemical are that the dose must 
be properly evaluated to induce uniform gene expression throughout the target, and 
the chemical may be toxic to the animal or cause other systemic effects that can affect 
the experiment (e.g., administration of heavy metals to induce the metallothionein 
promoter may be toxic) [ 25 ]. Taken together, transgenic models have many applica-
tions, especially for molecular imaging, as they can be used to develop methodologies 
for early detection, better sensitivity, and better resolution (since pre- neoplastic and 
small focal lesions can develop in these models). The major disadvantages of using a 
transgenic mouse model are the time and cost of intricate preparation steps, including 
cloning, breeding, genotyping, histological assessment, and characterization of kinet-
ics, among others. Indeed, a transgenic mouse may take years to develop; however, as 
discussed, this unique methodology for studying spontaneous tumor initiation and 
progression can offer invaluable information about human cancer, and may be worth 
the effort when evaluating novel molecular imaging strategies. 

 The  fourth  model used to study tumorigenesis in animals is cancer induction via 
chemicals (e.g., toxins such as pesticides, alcohol, and viruses) or physical means 
(e.g., dietary changes, UV radiation exposure, or prevention of exercise) (see 
Table  21.2 ). These models can represent more realistic situations in which humans 
acquire cancer. For example, excessive alcohol consumption in humans can result in 
“alcoholic fatty liver,” which is associated with increased liver weight, accumula-
tion of triglycerides, and altered lipid metabolism [ 30 ,  31 ]. These conditions result 
in altered gene expression and a chemically altered environment (e.g., alcohol 
increases the production of free radicals that can lead to cellular damage [ 32 ]) in the 
tissue, which can promote infl ammation (i.e., development of hepatitis) and an 
increased risk for carcinogenesis. These animal models are mostly used to study 
cancer prevention (i.e., to analyze what lifestyle behaviors and/or chemicals can 
increase the risk for cancer), but can also be used to study agents that directly cause 
cancer (e.g., certain types of human papilloma virus (HPV) are known to cause 
cervical cancer). There are several advantages to using this model. First, many 
human cancers have been associated with lifestyle behaviors (e.g., smoking, exces-
sive alcohol consumption, lack of exercise) and/or chemical exposure (e.g., toxins 
in environment such as lead paint or asbestos materials); therefore, these models can 
analyze the biological effects of these cancers. Second, these models are invaluable 
for risk assessment. Patients at high risk often undergo more frequent cancer screen-
ing, and it is imperative to have the ability to discriminate between the cancerous 
tissue, a benign but abnormal lesion on tissue, an infl amed tissue, and/or normal 
tissue. There is a broad literature base describing the give-and-take relationship 
between infl ammation and cancer—both chronic infl ammation has been shown to 
cause tumorigenesis [ 33 ], and cancer has been shown to induce an infl ammatory 
response [ 34 ]. Often, infl ammation and cancer are associated with similar charac-
teristics: genomic instability, altered gene expression, altered physical structure, 
angiogenesis, and generation of reactive oxygen species, among others [ 34 ,  35 ]. 
Therefore, the difference between infl ammation and cancer can be diffi cult, and 
these animal models can provide a method for establishing discrimination criteria. 
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For example, since angiogenesis is commonly observed in both infl ammation and 
cancer, it may not be feasible to use a general imaging technique to observe angio-
genic microvessels for discriminating between infl ammation and cancer. Instead, it 
may be optimal to compare molecular markers associated with angiogenic vessels 
in infl amed tissue or tumor. Some disadvantages to using chemically- or physically- 
induced animal models of tumorigenesis include the fact that they may take time to 
develop and optimize (e.g., dose, administration technique, kinetics), can be 
extremely toxic to the animals, and may result in a non-uniform distribution of reac-
tion (though some may argue this is an advantage as this would be expected in 
human cases, it can be diffi cult for imaging and ex vivo tissue sampling if it is not 
equally distributed). 

 All of these small animal models are used to develop new molecular imaging 
strategies and contrast agents for (1) developing screening criteria (e.g., comparison 
of infl ammatory to cancerous diseases), (2) detecting pre-cancerous and cancerous 
lesions; (3) staging tumorigenesis and characterizing metastases; and, (4) develop-
ing and monitoring therapeutic treatment and remission status. The following sec-
tions will discuss the various molecular imaging techniques as they are used in 
small animal models of cancer.   

2     Identifying Molecular Targets for Molecular Imaging 
Contrast Agents in Oncology 

2.1     Targeting the Cancer Physiome 

 The cancer phenotype involves several behaviors that set cancer cells apart from 
non-transformed, normal cells, including uncontrolled proliferation/replication, 
ability to evade cell death/apoptosis, enhanced cell survival (i.e., insensitivity to 
growth inhibitory signals), self-suffi ciency through angiogenesis, and unconfi ned 
growth through invasion and metastases [ 5 ]. Certainly cellular reprogramming 
through genetic mutations (Table  21.1 ), epigenetic events, and post-transcriptional/
post-translational modifi cations contribute to the observed neoplastic phenotype. 
However, a tumor, composed of many cancer cells as a whole, behaves differently 
than individual cancer cells. While most tumors start from a single cancer cell that 
expands itself (i.e., initiation process of carcinogenesis is “clonal”), cells that com-
prise the tumor can also change during progression due to changing microenviron-
ment. As Fig.  21.1  shows, a single initiating cell expands itself in a disorganized 
pattern, but in a three-dimensional form, a tumor can comprise different factors, 
growth stimuli, chemical and/or cellular signals that can vary depending on the 
location of the cell. All of these factors can affect the phenotype; therefore, even 
though one transformed cell is “clonally expanded”, the tumor becomes  heteroge-
neous  in composition of angiogenic vessels, hypoxic cells, invading and metastasiz-
ing cells, infl ammatory cells (e.g., leukocytes), among others (e.g., fi broblasts) [ 34 ]. 
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Recent studies have also demonstrated that hematological malignancies [ 36 ] and 
solid tumors [ 37 ] contain a small subset of cells are cancer stem cells, or cells that 
express both epithelial- and stem-cell antigens. Indeed, stem cells and cancer cells 
are similar in their abilities to self-renew (Wnt and Sonic hedgehog signaling path-
ways are in common), and, to evade apoptosis (e.g., through increased expression of 
anti-apoptotic gene  bcl2 ) (see Reya et al. [ 38 ] for review). Normal stem cells can 
also be transformed to become initiating cancer stem cells, resulting in malignancy; 
this has been demonstrated in acute myeloid leukemia [ 39 ].

   The impact of the evolving (i.e., continually changing over time [ 40 ,  41 ]) hetero-
geneous tumor on molecular imaging is tremendous, since the molecular targets 
may be changing over time. Early detection is the key to increasing the probability 
of survival; however, this requires that the molecular target for detection must be 
present in pre-neoplastic cells and/or initiating transformed cells. Molecular imag-
ing modalities are also often used to monitor therapeutic effi cacy, which may affect 
some tumor subpopulations, but not others, once again potentially affecting the 
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  Fig. 21.1    One model of carcinogenesis involves a single “initiating” cell which has been trans-
formed (i.e., acquired genetic alteration(s)), which expands to form a three-dimensional tumor. 
This tumor can be thought of as a sphere with a gradient of cellular signals, such that the cells 
within the tumor experience different cell-cell interactions depending on the location. For example, 
cells near angiogenic vessels (in  pink ) are in close proximity to nutrients and other stimuli, whereas, 
cells in the center may be located away from growth stimuli and are “starving” for nutrients, oxy-
gen, etc. In addition, an infl ammatory response is initiated and involves infi ltration of leukocytes 
( purple ), fi broblasts ( yellow ), and macrophages ( blue ). Thus, each cell within the tumor may be 
interacting/communicating with different cells in the changing tumor microenvironment [ 40 ,  41 ]       
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molecular target of interest. Contrast agents that are used to target the cancer 
 phenotype prey upon the ability of the tumor to rapidly proliferate, metabolize 
growth factors, resist chemotherapeutic treatment, form angiogenic vessels, and to 
contain hypoxic areas (Fig.  21.2a ). Many of these phenotype characteristics have 
been characterized such that the genes/proteins involved can be targeted. For exam-
ple, it is well-established that angiogenesis, or the recruitment of blood vessels to 
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  Fig. 21.2    Molecular imaging of cancer detection, monitoring, and/or evaluation of therapeutic 
treatment involves “labelling” the tumor with either ( a ) a contrast agent directed at a tumor char-
acteristic (cancer physiome) or a cancer cell-specifi c characteristic (cancer genome/proteome), or 
( b ) a reporter protein/enzyme produced by the cancer cell after it has been introduced with the 
DNA encoding the reporter. For more details please refer to the text       
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grow within the tumor, is facilitated by endothelial cells expressing high levels of 
vascular endothelial growth factor receptor type 2 (VEGFR2) and integrin α V β 3  
[ 42 ]. Several contrast agents have been developed to target either VEGFR2 and/or 
integrin α V β 3  using PET, SPECT, MRI, and ultrasound imaging modalities (this is 
discussed in more detail in the subsequent parts of this chapter).

2.2        Targeting the Cancer Genome and/or Proteome 

 Many cancers have similar genetic alterations (Table  21.1 ) such that it may seem 
obvious that such a common alteration or protein product (e.g., such as mutated 
K-Ras; though there may be different mutations between cancers) would be a fea-
sible target for a molecular imaging probe and/or cancer therapy. However, most 
molecular imaging contrast agents are developed to target the phenotype since it is 
easier to visualize larger molecular events (e.g., proliferative activity or angiogen-
esis) or extracellular/cell surface protein expression. Post-imaging biopsies of 
resected tumors or aspirated fl uids are commonly used to verify these mutations, 
but it would be highly advantageous to have real-time (i.e., instantaneous) and non- 
invasive (i.e., not a surgical procedure) images that verify this genetic information. 
This scenario would be especially ideal for screening patients at high risk for devel-
oping cancer, and utilizing imaging agents to discriminate for example between 
infl ammatory and cancerous disease(s) (discussed above). That is, some macromo-
lecular events (e.g., angiogenesis) may be common to infl ammation and cancer, but 
other micromolecular events (e.g., altered gene/protein expression) may be differ-
ent. Recent studies utilizing an mRNA-targeted quenched fl uorescent molecular 
probe (i.e., fl uorescent signal is released when mRNA oligo probe binds to its target 
RNA; see Sect.  3.6  below) to detect mutated K-Ras and survivin transcript expres-
sion in vitro in pancreatic cancer cells [ 43 ] show promise in strategies for non- 
invasive imaging of intracellular genetic targets. However, contrast agents that are 
internalized by cells to demonstrate intracellular enzyme activity or gene/transcript 
expression face considerable challenges in an in vivo setting: (1) they are extremely 
susceptible to being degraded prior to reaching the target, which means that (2) 
they can result in unspecifi c fl uorescent signal due to premature quenching, and (3) 
they must be able to be internalized by the cells without additional chemical means 
(e.g., transfection vehicles such as liposomes, or viral packaging), among others 
[ 44 ]. For DNA- or RNA-based molecular probes, nucleic acid target sequences can 
be linked to peptides, or small molecules, such as phosphorothioates (inhibit endo-
nucleases), that may offer some protection from degradation [ 44 ]. Fluorescent 
detection is also limiting for detection of low copy number, and has limited transla-
tion to human applications. Recently, bioluminescent detection of mutant p53 using 
a RNA-based reporter gene strategy has been successfully used in vivo in a murine 
tumor xenograft model [ 45 ]. In this study, a target mRNA sequence connected to 
the reporter mRNA sequence encoding luciferase, which can be visualized by 
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adding the  d -luciferin substrate to produce bioluminescence (both the reporter gene 
imaging approach and bioluminescence will be explained in more detail later in 
this chapter). Another strategy employed for visualizing mRNA expression is 
 peptide-nucleic acid (PNA) chimeras, which involve a 12 nucleotide sequence 
(similar to idea of antisense RNA or short-interfering RNA (siRNA)) fl anked with 
two basic peptide sequences (e.g.,  N -Gly- d -Ala-Gly-Gly-Aba- [ 46 ]) on either side, 
providing stability and resistance to endo-/exo-nucleases and proteases [ 47 ]. These 
PNAs have been successfully employed with SPECT imaging ( 99m Tc labeling) or 
PET imaging ( 64 Cu labeling) to detect  MYC, CCND1  (cyclin D1), and oncogenic 
 K-Ras  mRNA expression in breast and pancreatic cancer murine models [ 46 ,  48 –
 50 ]. Similar chimeras have been used in conjugation to nanoparticles for  64 Cu PET 
imaging of  K-Ras   G12D   mRNA expression in pancreatic cancer [ 51 ], and are cur-
rently under development for oncogenic  K-Ras  mRNA detection with Gd 3+ -particles 
and MRI [ 52 ]. 

 In addition to cancer-specifi c gene expression imaging, protein expression can 
be visualized similarly with peptides, proteins (e.g., ligands to bind to receptors), 
or antibodies. Because they cannot cross the cell membrane, peptides/proteins are 
mostly limited to extracellular or cell surface proteins. For example, image detec-
tion of cell surface or extracellular proteins can be performed using antibody/
protein- protein interactions, peptide (short protein sequence)-protein interac-
tions. Several studies exemplify this concept by imaging the role of vascular 
endothelial growth factor (VEGF) receptor type 2 (VEGFR2) signaling in angio-
genesis either by (1) anti-VEGFR2 antibody targeted VEGFR2 on endothelial 
cells (e.g., targeted microbubbles bound to antibody [ 53 ]); (2) peptides targeting 
VEGFR2 on endothelial cells (e.g., targeted microbubbles conjugated to peptide 
[ 54 ]); or, (3) anti-VEGF antibody targeting VEGF bound to VEGFR and/or 
VEGF secreted by tumor and tumor-associated stroma cells (e.g., radioisotype-
labelling and PET imaging:  89 Zr-VEGF antibody [ 42 ,  55 ]). To image intracellular 
protein expression, one strategy that has been employed is conjugation of a pep-
tide to poly-arginine (since poly- arginine can penetrate cells), and studies have 
been limited to optical imaging (see Sect.  3.6  for further description of this type 
of contrast agent).  

2.3        Use of Reporter Systems in Molecular Imaging 

 Another method for visualization of tumor-specifi c gene/protein expression is to 
deliver a reporter construct to the target (i.e., cancer) cells. The reporter construct is 
a plasmid with a promoter-enhancing element driving the expression of a reporter 
gene/product (Fig.  21.2b ). The plasmids are then introduced into the cells using 
viral delivery systems (e.g., adenovirus, lentivirus, retrovirus), liposomal/micelle 
particles, or mechanical poration (e.g., sonoporation with ultrasound) [ 56 ]. 
Alternatively, animals can be genetically engineered to express the reporter gene 
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(e.g., transgenic mice expressing estrogen-response-element (ERE)-promoter 
driven luciferase [ 57 ]). Reporter genes/products can then be imaged with optical 
imaging (e.g., fl uorescent proteins or luciferase enzymes), MRI (e.g., ferritin), or 
PET/SPECT (e.g., HSV1-tk) [ 58 ]. The reporter genes/products and molecular 
probes to detect them will be discussed in the following section for each imaging 
modality. Promoters used to drive reporter gene expression can be “always on” 
(e.g.,  CMV, RSV, LTR ) as for their use in imaging cell traffi cking, or they can be 
“inducible” by specifi c intracellular or extracellular proteins/molecules. For exam-
ple, cancer cells stably-expressing a reporter gene driven by an “inducible” pro-
moter can be used in a tumor xenograft model, and then this promoter can be 
activated later by the researcher. Korpal et al. [ 59 ] used this idea to investigate the 
role of transforming growth factor β (TGFβ) in breast cancer skeletal metastases. 
SP28 breast cancer cells, which were previously known to metastasize to the lung 
and bone, were transfected with several types of expression systems: (1) an induc-
ible expression system to control SMAD4 expression (SMAD4 stimulated TGFβ 
signaling), consisting of (a) a CMV-driven tetracycline activator (tTA) gene, and (b) 
a tetracycline-responsive element (TRE)-driven SMAD4 gene; (2) a CMV-driven 
Renilla luciferase gene (Rluc); and (3) a SMAD-binding element-driven Firefl y 
luciferase gene (Fluc) (see Sect.  3.6  for a detailed description of these luciferases). 
In this system, SMAD4 expression was controlled by the ability of the tetracycline 
activator to bind to the TRE element. When the animals were administered doxycy-
cline (Dox; a tetracycline analog; administered 0.5 mg/ml via drinking water), Dox 
would bind to the tTA protein and prevent it from binding to the TRE promoter (i.e., 
SMAD4 expression would be turned off; also called a Tet-off system). In the 
absence of Dox, the tTA protein could bind to TRE (i.e., SMAD4 expression would 
occur). Using bioluminescence imaging, Korpal et al. [ 59 ] could determine the per-
centage of total tumor cells (i.e., signal obtained from CMV (constitutively on)-
driven Rluc) had TGFβ signaling (i.e., signal from SMAD-dependent expression of 
Fluc) (please see below (Sect.  3.6 ) for description on use of Fluc, Rluc, and biolu-
minescence imaging). This study was able to demonstrate that bone metastasis bur-
den can be reduced if TGFβ signaling is interrupted early, but has no effect if bone 
lesions are already well-established [ 59 ]. In addition to using reporter cells in 
rodents, transgenic mouse models of reporter systems have been developed. 
Recently, Woolfenden et al. [ 60 ] developed a Cre-LoxP-driven luciferase mouse 
model (please see Sect.  2.3  for a detailed description of the Cre-LoxP recombina-
tion method), and when this strain was crossed with a  KRas   tm4tyj/1  mouse (transgenic 
mouse model of non-small cell lung cancer expressing oncogenic  KRas   G12D  ), biolu-
minescent imaging was able to measure lung tumor growth over time. 

 In addition to use of reporter systems for imaging, these constructs have been 
engineered as gene therapy, as in the case of the suicide gene herpes simplex virus-
1- driven thymidine kinase (HSV1-TK). The idea of suicide gene therapy relies on 
an enzyme (e.g., thymidine kinase) to convert a non-toxic pro-drug (e.g., ganciclo-
vir) to a toxic drug; therefore, if this reporter gene can be delivered to specifi c target 
cells (e.g., cancer cells), then surrounding non-targeted (e.g., normal tissue) will not 
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be affected [ 61 ]. Targeting cancer cells can be achieved by choosing to drive 
HSV1-TK expression by a tumor-specifi c promoter (i.e., an “inducible” promoter 
that has high activity in cancer cells compared with normal cells). Several studies 
have demonstrated cancer-specifi c HSV1-TK gene therapy using cancer-specifi c 
promoters: COX-2 [ 62 ], eIF4E [ 61 ], and heat shock protein [ 63 ], among others. 
Reporter gene therapies will be discussed in Sect.  4 . HSV1-TK expression can also 
be used as a reporter, and its expression can be detected with molecular imaging 
using a substrate for the enzyme. Since TK phosphorylates thymidine or pyrimi-
dine, analogs of these substrates can be radiolabelled for detection by PET or 
SPECT imaging.   

3      Molecular Imaging Modalities Used in Small-Animal 
Imaging of Oncology 

 Molecular imaging technologies (Fig.  21.4 ) are progressing towards the goal of 
“real-time cancer biopsies” for instantaneous diagnosis and therapy monitoring. 
Development of these technologies highly relies on in vivo small animal cancer 
imaging to understand the feasibility of probe design and scale up to clinical use in 
humans. Strategies for imaging cancer in small animals often depend on the exper-
imental goal, which may be: (1) detection of primary tumor versus metastases; (2) 
detection of larger, late-stage carcinoma versus early stage or pre-neoplastic lesion; 
(3) quantitative measurement of therapeutic treatment/delivery; or, (4) cell- or 
molecule-tracking for visualization of biodistribution; among others. These factors 
dictate the resolution, speed, quantifi cation, signal-to-noise, and contrast agent of 
choice for the researcher. For example, FDG-PET imaging is a widely used imag-
ing modality for cancer detection and therapeutic monitoring, but  18 F-FDG is also 
taken up in the brain and heart, and excreted through the bladder; thus, if the tumor 
of interest is located in/near these organs, it may be diffi cult to discern between 
nearby signal versus actual signal from the tumor. Commonly used contrast agents 
in each modality will be reviewed in these subsections. There are many overlap-
ping themes associated with contrast agent design, and all strive to serve the best 
signal-to- noise ratio in an optimal time frame (i.e., allowing enough time for 
uptake and clearance of non-targeted or unused contrast agent). Contrast agents 
can be directly- labelled small chemicals (e.g., 2-deoxyglucose (2-DG)), biomole-
cules (e.g., antibodies, nucleic acids, or peptides), vesicles (e.g., liposomes), mic-
roparticles (e.g., microbubbles (MBs)), or nanoparticles (NPs; e.g., quantum dots 
(QDs) or superparamagnetic iron oxide (SPIO) NPs) (Fig.  21.3 ). Multiple labels 
on molecules and/or particles can be used for multi-modality imaging. For exam-
ple, Cai et al. [ 64 ] labelled QDs (detectable with fl uorescent imaging) with an 
RGD-peptide (targets α V β 3  integrin in tumor angiogenic vessels) and also  64 Cu for 
detection with PET imaging. Dual-labelling is common for verifi cation of target 
and signal measurement, as well as assessing biodistribution of the imaging probe 
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to other organs/tissues. In a similar fashion, multiple molecular moieties may also 
be used for both targeting and therapeutic applications. For example, Blanco and 
colleagues [ 65 ] have constructed a multifunctional probe, which contains an SPIO 
NP (for detection with MRI) fused to Doxyrubicin (anti-cancer drug) and pack-
aged in a micelle (liposome) with an RGD-peptide on the shell. Using this probe, 
they were able to observe the localization of their probe in the tumor with MRI 
imaging, and used bioluminescence (optical) imaging to measure decreases in 
tumor volume following treatment (i.e., tumor cells stably expressing luciferase 
were used in a murine tumor xenograft model). The combinations are infi nite in 
number, though the same rules of probe design apply to multi-functional probes, 
as they do for more simplifi ed probes.

   Imaging modalities are also utilized to understand cancer biology, and the 
 interaction of normal cells with cancer cells. To understand metastases of cancer 

  Fig. 21.3    Design of molecular imaging probes involves a molecule. chemical label, and/or syn-
thetic particle. Synthetic particles with various sizes and materials are used with various small 
animal imaging modalities (compiled from several reviews: [ 65 ,  71 ,  171 ,  179 ,  187 ])       
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cells, for example, labelled cancer cells may be injected into the circulation and 
their location can be tracked via an imaging modality to detect the labelled cell(s). 
Recent studies have also shown with optical imaging that immune cells [ 66 ] and 
mesenchymal stem cells [ 67 ,  68 ] can home to tumors and be used for therapeutic 
treatment. A green fl uorescent protein (GFP)-expressing transgenic mouse model 
has also been developed to understand the interaction of host tissue with tumor. 
Using dual-color fl uorescent whole-body imaging, the interaction between the 
mouse host tissue and implanted red fl uorescent protein (RFP)-expressing tumor 
cells could be observed [ 69 ]. 

3.1      Positron Emission Tomography (PET) 

 Positron emission tomography (PET) is a highly sensitive and quantitative imag-
ing technique with unlimited penetration depth (see Chap.   5    ); however, it involves 
administration of radioactivity and is expensive (based on instrumentation and 
cost of radiotracer synthesis). As discussed in previous chapters, PET detects coin-
cidence of two γ rays (~511 keV each; two rays separated by 180º) emitted when 
a radionuclide emits a positron, which in turn annihilates a neighboring electron. 
A detector ring records the coincidence and converts it to light; the electrons are 
then mapped to specifi c locations in the living subject. Several radionuclides are 
used in PET (see Chap.   9     and [ 70 ]), and the most common used for cancer imaging 
include  18 F (half-life (t 1/2 ) = 1.83 h) and  64 Cu (t 1/2  = 12.7 h) [ 70 – 73 ]. While  18 F is 
commonly produced in large quantities in cyclotrons, its shorter half-life makes 
exploratory research in small animals more diffi cult in terms of synthesizing new 
tracers. Labelling a molecule with  18 F can be performed in several ways: (1) a 
fl uorine- containing molecule can be modifi ed to replace F with the  18 F; (2) a 
“bridging” molecule with a fl uorine can be attached to the targeting molecule 
(e.g., peptide/protein, antibody; example study: comparison of thiol groups 
4- 18 F-fluorobenzaldehyde-O-(2-[2-[2-(pyrrol-2,5-dione-1-yl)ethoxy]-ethoxy]-
ethyl)xime ( 18 F-FBOM), 4- 18 F-fl uorobenzaldehyde-O-[6-(2,5-dioxo-2,5-dihydro- 
pyrrol-1-yl)-hexyl]o xime ( 18 F-FBAM), and succinimidyl-4- 18 F-fl uorobenzoate 
( 18 F-SFB) as bridging groups between  18 F and cysteine-containing tripeptide glu-
tathione, a cysteine-containing dimeric neurotensin derivative, and human native 
low- density lipoprotein [ 74 ]); and, (3) an H, OH, or another atom can be replaced 
with  18 F (though this method is time-intensive, and can change the binding proper-
ties)    (see [ 71 ]). Advantages of using  18 F include its wide availability (it is pro-
duced in cyclotrons where available for clinical use) and its short half-life (i.e., 
fast decay rate) allows repetitive imaging of the same animal. Recent studies have 
demonstrated that the chemical reactions involved can be performed in under 2 h 
(e.g.,  18 F-FBEM labelling of RGD peptide [ 75 ]); however, in this case, the amount 
of radioactivity injected and corrected decay rate must be accounted for to obtain 
optimal sensitivity of PET scanning. On the other hand,  64 Cu can be easily coupled 
to biomolecules using a variety of chelators (e.g., DOTA, TETA) [ 76 ], and because 
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of its longer half-life (12.7 h), there is less concern of time due to radiolabelling 
reactions. A large disadvantage of  64 Cu is that it is not as widely available (often 
must be purchased from a commercial vendor and, thus, is expensive to use) and 
is not as feasible for longitudinal studies as  18 F (due to the relatively long 
half-time). 

 Table  21.3  lists several examples of PET tracers developed for imaging a variety 
of cancer targets, including those associated with the cancer physiome (i.e., cell 
metabolism, angiogenesis, and hypoxia) and those associated with the cancer 
genome/proteome (i.e., tumor receptors); in addition, several PET tracers are avail-
able to detect expression of HSV1-TK reporter.  18 F-Fluorodeoxyglucose ( 18 F-FDG) 
is by far the most commonly used PET tracer, and is readily available in most cyclo-
trons since it is approved for clinical use [ 76 ].  18 F-FDG is taken up by rapidly pro-
liferating cells, which have increased expression of glucose transporters (GLUT) 
and glycolytic enzymes; therefore, it is an indicator of increased cell metabolism. 
Notably, the increased GLUT expression has been found to be driven by hypoxia 
conditions (i.e., expression of hypoxia inducible factor (HIF)-1α), and studies in 
mice have demonstrated direct correlation between separate PET scans using  18 F-
FDG and  18 F-FMISO (class of nitroimidazole compounds which get highly reduced/
reactive in hypoxic (≤1,000 ppm oxygen) environments, and covalently binds to 
intracellular macromolecules preventing  18 F-FMISO from exiting the cell [ 77 ]) (see 
[ 78 ] for review). A tracer used for imaging tumor proliferation is 3-deoxy-3- 18 F-
fl uorodeoxythymidine ( 18 F-FLT), which is transported through the cell membrane 
and trapped by thymidine kinase 1 (TK1), an enzyme under tight regulation of the 
cell cycle. Alternatively,  18 F-1-(29-deoxy-29-fl uoro-b- d -arabinofuranosyl) thymine 
( 18 F-FMAU) is trapped by thymidine kinase 2 (TK2). Both versions of radiolabelled 
thymidine/thymine can be incorporated into DNA; therefore, these tracers are indi-
cators of DNA synthesis [ 77 ]. So, how do they differ? TK1 is a cytosolic protein 
expressed at high levels during G 1 , S, and G 2 /M phases of the cell cycle, whereas 
TK2 is localized in the mitochondria, and its expression is independent of the cell 
cycle. As a result,  18 F-FLT and  18 F-FMAU have different pharmacodynamics (e.g. 
 18 F-FLT uptake is high in bone, heart, intestines, and brain, while signifi cant uptake 
of  18 F-FMAU was observed in the liver and kidneys) [ 77 ].  18 F-fl uorethylcholine 
( 18 F-FEC) is another PET tracer that images tumor proliferation by integration into 
membrane phospholipids; therefore, rapidly dividing cells would produce daughter 
cells with  18 F-FEC-containing membranes. While these four PET tracers are aimed 
at imaging rapidly proliferating cancer cells, they behave quite differently when 
compared to each other. As introduced briefl y in this section, optimizing signal-to-
background ratio is a key component to molecular imaging probe design. von 
Forstner et al. [ 79 ] compared the performance of  18 F- FDG ,  18 F-FLT, and  18 F-FEC in 
detection of pancreatic cancer using different human cell lines implanted orthotopi-
cally in mice. It has been shown that in addition to tumor uptake, tissue uptake of 
 18 F-FDG was seen in the heart, liver, and bladder, and,  18 F- FLT  was observed in 
gallbladder, liver, kidneys, and bladder. Notably,  18 F-FLT was strongly taken up by 
all the tumors, whereas  18 F-FDG was taken up by only half of the tumors. In con-
trast,  18 F-FEC was not taken up by the tumors, and was observed in the liver, 
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kidneys, and duodenum. This study demonstrates clear differences in distribution 
and levels of tumor uptake. Most importantly, the study highlights the importance 
of comparing  18 F-FDG and  18 F-FLT for differentiating between a tumor with a nor-
mal tissue background versus an infl amed tissue background [ 79 ,  80 ]. Another 

     Table 21.3    PET tracers developed and utilized in in vivo small-animal molecular imaging of 
cancer   

 Molecular event/
type  Molecular target  PET tracer 

 Example studies in 
animal models of cancer 

 Cell metabolism 
(compared in 
[ 79 ]) 

 GLUT   18 F-fl uorodeoxyglucose 
( 18 F-FDG; FDG) 

 Pancreatic [ 79 ] 

 TK1   18 F-fl uorothymidine 
( 18 F-FLT) 

 Pancreatic [ 79 ] 

  18 F-fl uorethylcholine 
( 18 F-FEC) 

 Pancreatic [ 79 ] 

 Angiogenesis 
(reviews: [ 42 , 
 55 ]) 

 VEGFR-1/2   89 Zr-VEGF (antibody)  Ovarian [ 42 ,  55 ] 
  64 Cu-DOTA-VEGF 

(peptide) 
 Glioma [ 232 ], Breast 

[ 233 ] 
  64 Cu-DOTA-VEGF 

(peptide) (QD) 
 Glioma [ 234 ] 

  18 F-SNB-anti VEFGR-2 
(Ab) (MB) 

 Angiosarcoma [ 119 ] 

 α V β 3  integrin   64 Cu-RGD (SWNT)  Glioma [ 84 ] 
  64 Cu-RGD (QD)  Glioma [ 64 ] 
  64 Cu-RGD (SPIO)  Glioma [ 42 ,  55 ] 
  64 Cu-knottin peptides  Glioma [ 235 ] 

 Hypoxia 
(reviews: 
[ 236 ,  237 ]) 

 Carbonic anhydrase 
(IX) 

 Hypoxia response 
element (9HRE) 
dual reporter 
with HSV1-tk 

  124 I-anti-cG250 (CAIX Ab) 
  18 F-FMISO 
  124 I-FIAU 
  18 F-FAZA 

 Renal [ 236 ,  237 ] 
 Colon [ 238 ] 
 Colon [ 238 ] 
 Breast [ 239 ] 

 Tumor cell 
receptors 

 HER-2   90 Y,  86 Y,  68 Ga-anti-HER-2 
(Ab) 

 Ovarian [ 240 ] 

  64 Cu-trastuzumab  Ovarian [ 241 ] 
 ER   94m Tc-cyclofenil  Breast [ 242 ] 

  18 F-estradiol(FES)  Breast [ 243 ] 
  18 F-tamoxifen  Breast [ 244 ] 

 Folate Receptor   18 F-folic acid  Nasopharyngeal 
epidermal [ 245 ] 

  66 Ga,  68 Ga-deferoxamine 
- folate   

 Nasopharyngeal 
epidermal [ 246 ] 

 Prostate specifi c 
antigen (PSA 
and PSMA) 

  64 Cu-anti PSMA Ab  Prostate [ 247 ] 

 Apoptosis  Annexin V   124 I-Annexin  Liver [ 248 ] 
 Reporter imaging  HSV1-TK   18 F-FHBG  Glioma [ 82 ] 

  18 F-FHPG  Glioma [ 82 ] 
  18 F-FMAU  Glioma [ 82 ] 
  18 F-FEAU  Glioma [ 82 ] 
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study  comparing  18 F-FDG and  18 F-FMISO in sarcoma-bearing mice and mice with 
infl ammatory lesions (induced by injection of turpentine oil) demonstrated that  18 F-
FDG was taken up in both tumor and infl ammatory lesions, whereas  18 F-FMISO 
uptake was specifi c to the sarcoma [ 81 ]. Similar issues must be taken into account 
when designing tracers for imaging angiogenesis, since angiogenesis has been 
found to occur during infl ammatory processes [ 35 ].

   In addition to imaging the cancer phenotype (e.g., angiogenesis, proliferation, 
and hypoxia, among others), cancer gene/protein expression has been imaged with 
various PET tracers. Several PET tracers have been developed to target receptor 
proteins that are often overexpressed in cancer cells; this long list is not limited to, 
but includes, estrogen receptor (ER), folate receptor, epidermal growth factor recep-
tor (EGFR), and human epidermal growth factor receptor type 2 (HER-2; mouse 
homolog of this receptor is ErbB-2), among others (see Table  21.3 ). Since radionu-
clides can be internalized, PET tracers have also been developed for detection of 
intracellular genes/proteins. For example, Tian et al. [ 49 ] constructed a multi- 
targeting probe for detection of breast cancer. A  64 Cu-labelled probe for targeting 
insulin-like growth factor receptor (IGF1R) expression and cyclin D1 (an important 
protein involved in mitogenesis) mRNA levels was developed. Notably, this study 
demonstrated that multiple targeting can improve sensitivity, and it allows for visu-
alization of the localized tumor uptake: PET imaging revealed that the center of the 
MCF-7 tumor xenografts showed the highest levels of cyclin D1 mRNA expression, 
suggesting that PEt allows spatial in vivo genetic profi ling in cancer. 

 PET tracers have also been developed for detection of reporter proteins. The most 
common reporter proteins are HSV1-TK (discussed in Sect.  2.3 ) and a mutated 
form, HSV1-sr293TK. The wild-type form of TK phosphorylates thymidine and 
pyrimidine, while the mutated form, sr293TK, phosphorylates acycloguanosine. 
Radiolabelled substrates for these enzymes include thymidine analogs [ 18 F-FEAU 
(1-(2′-deoxy-2′-fl uoro-beta- d -arabinofuranosyl)-5-ethyluridine) and  18 F-FFEAU(1-
(2′-deoxy-2′-fl uoro-beta- d -arabinofuranosyl)-5-(2-fl uoroethyl)uridine)], pyrimidine 
analogs [ 18 F-FIAU (1-(2′-deoxy-2′-fl uoro-beta- d -arabinofuranosyl)-5-iodouridine), 
 18 F-FMAU (1-(2′-deoxy-2′-fl uoro-b- d -arabinofuranosyl)-5-methyluridine),  18 F-FIAC 
(1-(2′-deoxy-2′-fl uoro-beta- d -arabinofuranosyl)-5-iodocytosine)], and guanosine 
analogs [ 18 F-FHBG (9-[4-fl uoro-3-(hydoxymethyl)butyl]guanine),  18 F-FHPG FHBG 
compound name was confi rmed to be (9-[4-fl uoro-3-(hydoxymethyl)butyl]guanine) 
(9-[(1- 18 F-fl uoro-3-hydroxy-2-propoxy)methyl]guanine)]. Direct comparisons of 
these PET tracers for HSV1-TK reporter detection show differences in biodistribu-
tion and emphasize the importance of tumor-to-background ratio for different 
applications [ 82 ]. For example,  18 F-FEAU and  18 F-FFEAU produce a more sensi-
tive signal (i.e., higher signal-to-noise ratio) than  18 F-FHBG or  18 F-FHPG, but they 
cannot cross the blood–brain barrier; therefore, they would not be optimal for 
detection of HSV1-TK-expressing gliomas [ 82 ]. 

 As discussed, a highly important consideration when developing molecular 
imaging probes is how to achieve the highest tumor-to-background ratio. 
Radiochemistry can be optimized to achieve different biodistribution patterns to 
enhance tumor-to-background ratios in cancer imaging. In addition to different 
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choices of chemical “cross-bridges” between the radioisotope and biomolecule 
(discussed above), options for moiety additions or changes in stereochemistry to the 
targeting molecule can affect biodistribution and tumor-to-background ratio. For 
example, Urakami et al. [ 83 ] compared the effects of D and L stereochemistry on 
the PET tracer O- 18 F-fl uoromethyl- d -tyrosine ( 18 F-FMT; used for indication of high 
levels of protein synthesis/amino acid metabolism), and found that radiolabelled 
 d -tyrosine produced a ~1.5-fold higher tumor-to-background ratio than  l -tyrosine. 
Other attempts to improve tumor-to-background ratios include the use of radiola-
belled nanoparticles (NPs), including QDs, single-walled carbon nanotubes 
(SWNTs) [ 84 ], and SPIOS (reviews: [ 42 ,  55 ]) to provide stability for the tracer. Liu 
et al. [ 84 ] compared the ability to image a subcutaneous tumor with PET and two 
tracers: (1) a radiolabelled peptide targeting α V β 3  integrin (PEG-RGD-DOTA- 64 Cu) 
and (2) a radiolabelled SWNT targeted to α V β 3  integrin (i.e., SWNTs was labelled 
with two entities: PEG-RGD to target α V β 3  integrin, and PEG-DOTA- 64 Cu radiola-
bel). Notably, the presence of SWNT-associated PEG-RGD/PEG-DOTA- 64 Cu pro-
vided fi ve times more tumor uptake compared with PEG-RGD-DOTA- 64 Cu, which 
was rapidly cleared from the mouse; thus, the SWNT stabilized the probe for 
enhanced tumor-to-background ratios. 

 PET-based molecular imaging of cancer is often combined with anatomical 
imaging methods such as CT (Chap.   13    ) and MRI (Chap.   15    ) to provide co- 
registration of structural and molecular information [ 70 ,  85 ]. Moreover, dual- 
modality approaches to molecular imaging with multi-labelled nanoparticles can 
provide highly sensitive measurements and verifi cation of targets. In addition to 
multimodality imaging, PET can be multifunctional in terms of using tracers for 
radiodetection and radiotherapy. For example, the  90 Y radioisotope emits γ rays for 
PET imaging, but also β particles for radiotherapy. Further studies are needed to 
fully characterize the whole-body effects of γ/β particles (see review [ 86 ] for addi-
tional details on radionuclide therapy).  

3.2      Single Photon Emission Tomography (SPECT) 

 SPECT imaging, like PET imaging, detects γ rays generated as a result of photon 
emission. However, a disadvantage is that it has less spatial resolution (~1 mm 3  in 
small animals; 12–15 mm 3  in humans) than PET (PET spatial resolution: ~1–2 mm 3  
in small animals; 4–8 mm 3  in humans) (Fig.  21.4  and [ 71 ]). Continuing technologi-
cal advances in SPECT scanners (e.g., pinhole cameras) and software (e.g., to 
account for photon scattering and attenuation) have potential for improved resolu-
tion, sensitivity, and quantifi cation [ 87 ]. SPECT devices are also less expensive than 
PET scanners. SPECT imaging devices are constructed with rotating γ cameras that 
detect parallel γ rays (see Chap.   4    ), and then convert them to an electrical signal 
proportional to the γ ray energy [ 71 ]. Because separate energies can be measured, 
several radioisotopes with different γ-ray energies can be measured in one scan. 
Radioisotopes are typically used with SPECT imaging:  99m Tc (emits 1 γ ray: 
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140 keV; t1/2 = 6 h),  111 In (emits 2 γ rays: 171 keV and 245 keV; t1/2 =2.8 d), and 
 123 I (emits 2 γ rays: 27 keV and 159 keV; t1/2 = 8 d). Several isotopes (except iodine) 
are conjugated to biomolecules via a chelator/bridging molecule [ 71 ], and the 
chemistry is often easier than radioisotopes used for PET tracers [ 73 ]. Table  21.4  
lists several SPECT tracers used for cancer detection in small animals. Note that 
there are many molecular targets similar to those used for PET tracers (Table  21.3 ), 
and they only differ by the chelating moiety and radioisotope. Similarly, like  90 Y 
(discussed above in 3.1),  131 I (emission of β particles) or  111 In (emission of Auger 
particles) can be used for both SPECT imaging (detection of γ rays) and radiother-
apy [ 70 ,  86 ]. Considerations for SPECT tracer design are similar as that for PET: 
the goal is always for high tumor-to-background signal. As with PET, coregistration 
of SPECT molecular imaging data with anatomical images acquired with CT or 
MRI will also allow verifi cation of targets and provide sensitive measurements.

USCT MRISPECT/CT OpticalPET

Imaging 
Modality 

Cost Spatial
Resolution 

Penetration 
Depth 

Acquisition 
Time 

Clinically 
Translatable? 

Other 
Pros/Cons 

PET $$$ 1-2 mm No limit Min Yes 
Radiation 

SPECT $$ 1-2 mm No limit Min Yes 
Radiation 

CT $$ 50 µm No limit Min Yes 
1. Radiation 
2. Limited targeted 
contrast 
3. Poor soft-tissue 
contrast 

MRI $$$ 10-100 µm No limit Min/Hrs Yes 
1. Anatomical/
structural image 
2. Targeted contrast 
agents 

US $-$$ 50 µm mm Yes 
1. Operator dependency
2. Current contrast 
agents only for
vasculature 
3. Cannot image whole 
body, bone, or lungs 

Optical 
(FRI/BLI) 

$-$$ ≤ 1 cm Sec/Min 
1. High-throughput 
2. High sensitivity Limited  

applications 

Min/real
time imaging

possible 

1-several 
mm 

  Fig. 21.4    Example images generated using common small animal imaging modalities [ 71 ]. 
Comparison of modalities used for in vivo cancer research in small animals highlights advantages 
( red ) and disadvantages ( blue ). Adapted from reviews [ 71 ,  179 ]       
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3.3         Computed Tomography (CT) 

 CT imaging is not a molecular imaging technique per se; however, advances in 
nanoparticles are probing into the development of targeted contrast agents. CT scan-
ners are constructed with a rotating X-ray source and a detector (separated by 180º), 
which measures the absorption by tissue (see Chap.   6    ). As a result, a high-resolution 
anatomical X-ray image is obtained. CT is routinely used to detect cancer in the 
clinic, and in small animal imaging studies, it is mostly used for co-registration of 
anatomical images with molecular images obtained by other imaging modalities 
(e.g., PET, SPECT; discussed above and in Chaps.   12     and   13    ) [ 71 ]. While CT has 
high resolution delineation between air, bone, fat, and soft tissue, it often cannot 
offer high contrast differences between soft tissues; therefore, contrast agents are 
used to highlight particular organs, tissues, and/or blood vessels. They include solu-
tions of iodine, barium, or barium sulphate. Recent advances in nanotechnology 
have focused on developing iodinated nanoparticles for use with CT; however, studies 
are elementary and highly dependent on the location of interest. Moreover, the high 
amounts of contrast agent (e.g., iodine) required for CT image enhancement may be 
compromised by the stability and toxicity of NPs, especially for clinical translation. 
Aviv et al. [ 88 ] synthesized and characterized iodinated copolymeric nanoparticles 
(i.e., copolymerization of 2-methacryloyloxyethyl (2,3,5- triiodobenzoate) and 
2-hydroxyethyl methacrylate) for CT detection of liver lesions in mice and rats. Few 
reports describe targeted contrast agents for CT. Wyss et al. [ 89 ] attached an 
E-selectin (i.e., protein that is often overexpressed in cancer and is involved in cel-
lular adhesion)-binding peptide to an iodinated liposome, and visualized enhanced 
signalling (compared to non-targeted liposome-iodine) of human colon cancer 

   Table 21.4    SPECT tracers developed and utilized in in vivo small-animal molecular imaging 
of cancer   

 Molecular 
event/type 

 Molecular 
target  SPECT tracer 

 Example studies in 
animal models of cancer 

 Angiogenesis 
(review: 
[ 42 ,  55 ]) 

 VEGFR-1/2   125 I-VEGF 165 , ( 125 I or  99 Tc)-
VEGF 121 ,  111 In-hnTf-VEGF 

 Glioblastoma, breast 
(review: [ 42 ,  55 ]) 

 α V β 3  integrin   111 In-perfl uorocarbon NP-RGD  Lung [ 249 ] 
 Tumor cell 

receptors 
 HER-2   111 In-,  131 I-, or  99m Tc-labeled 

anti-HER-2 antibodies/
fragments 

 Breast (review: [ 240 ]) 

 ER   131 I-tamoxifen  Breast [ 244 ] 
 tridentate  99m Tc(I)-estradiol-

pyridin- 2-yl hydrazine 
 Breast, endometrial 

[ 250 ] 
 Folate 

receptor 
  111 In-DTPA-folate  Ovarian [ 251 ] 
  99m Tc-folate  Nasopharyngeal 

epidermal [ 252 ] 
 Apoptosis  Annexin V   99m Tc-Annexin  Fibrosarcoma [ 253 ] 
 Reporter genes  HSV1-TK   123 I-FIAU  Glioma [ 254 ] 
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xenografts in mice with CT scanning. Attention has drifted from traditional contrast 
agents, and recent studies are focusing on different materials, including gold 
nanoparticles (i.e., gold induces a strong X-ray attenuation). Jackson et al. [ 90 ] 
observed ~88–115 % greater contrast enhancement with gold NPs compared with 
iodine in in vitro characterization studies using phantoms. Indeed, gold NPs were 
able to “highlight” tumor microvessels in CT-scans of human fi brosarcoma xeno-
grafts [ 91 ]. Similarly, Rabin et al. [ 92 ] developed polymer-coated bismuth sulphide 
nanocrystals that had 5-fold greater x-ray absorption than iodine and a >2 h circula-
tion time. These agents are typically used for imaging angiogenic vessels and lymph 
node imaging [ 92 ].  

3.4     Magnetic Resonance Imaging (MRI) 

 MRI is based on the principles of nuclear magnetic resonance (NMR): Application 
of a magnetic fi eld to some nuclei (e.g.,  1 H,  19 F) causes them to change alignment to 
either a parallel or anti-parallel alignment. In MRI, emission of radiofrequency 
waves excites nuclei to a higher energy state, and this energy is proportional to the 
applied magnetic fi eld. Most MRI studies take advantage of the high concentrations 
of water in biological tissues ( 1 H concentration is about 80 M), and image intensi-
ties are generated by measuring local/regional changes in water content/density. 
Upon release of this energy emission, the nuclei return (i.e., “relaxes”) to its original 
energy state in a characteristic time, T 1  (rate constant for  longitudinal  relaxation), 
and also interact with other nuclei (e.g., through spin-spin interactions) with a char-
acteristic time, T 2  (also known as  transverse  relaxation). The changes in magnetic 
fi eld resulting from changing nuclei excitation/relaxation and nuclei density are 
measured and converted to signal intensities representing an anatomical image of 
soft tissue (see Chap.   7     and reviews [ 71 ,  93 ] for more detailed background on MRI 
instrumentation and concepts). Like CT, MRI is often used in conjunction with PET 
or SPECT to co-register anatomical and molecular information (see Chaps.   14     and 
  15    ). MRI Spectroscopy (MRS) is another related imaging technique, which uses 
MRI to measure protons/nuclei of metabolites (e.g., choline, lactate, lipids, and 
polyamines; see [ 94 ] for methodology and properties of these metabolites), which 
as mentioned above, can be altered in tumors. Notably, this technique allows for 
measurement of multiple metabolites with a single scan. For example, concentra-
tion profi le mapping of metabolites in a mouse model of cerebral metastases of 
breast cancer cells revealed signature differences in metabolite concentrations over 
time:  N -acetylacetate decreases were measured early, while choline, creatine, lac-
tate, and lipids increased as the tumors evolved [ 95 ]. 

 MRI contrast agents serve to reduce T 1  and/or T 2 : T 1 -shortening contrast agents 
(e.g., paramagnetic ions such as Gd 3+ ) infl uence protons/nuclei in close proximity to 
themselves, and result in a brightened image contrast; whereas T 2 -shortening con-
trast agents (e.g., superparamagnetic and ferromagnetic compounds) cause a local 
disturbance in the magnetic fi eld, and result in a darkened contrast image (see [ 93 ] 
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for review). Dynamic contrast enhanced (DCE)-MRI utilizes non-targeted contrast 
agents (e.g., Gd-diethylenetrinitrilopentaacetic acid (DPTA)) to image blood ves-
sels and has been used for highlighting angiogenic vessels associated with tumor 
[ 96 ] and tumor stroma [ 97 ]. DCE-MRI techniques for imaging angiogenesis include 
assessment of contrast agent perfusion, blood vessel permeability, and/or tissue 
blood volume (see [ 98 ] for a review of methodologies), and have been used for 
measuring tumor response to chemotherapy (e.g., Gd-DOTA perfusion imaging 
confi rmed VEGFR inhibition of melanoma growth [ 99 ]). While these heavy metal 
ion-based non-targeted contrast agents provide some contrast, advances in nano-
technology have enabled coupling of and/or embedding of heavy metals (e.g., Gd 3+ , 
Fe 2+ ) to/in synthetic nanoparticles and/or liposomes. NPs and/or liposomes allow 
for loading of thousands of heavy metal ions resulting in much higher contrast [ 93 ] 
and allowing for quantitative biomarker detection on the nanomolar level [ 100 ]. For 
example, Gd 3+  by itself has a T 1  constant of 4.5, but a perfl uorocarbon nanoparticle 
with ~74,000 Gd 3+  ions has a T 1  constant of 34 [ 101 ]. Several nanoparticles with 
different relaxation properties have been developed for use with MRI (Fig.  21.3 , 
[ 101 ]), and have been used for perfusion [ 102 ] or, conjugated to targeting molecules 
for cancer detection (Table  21.6 ; [ 103 ]). Although direct conjugation of heavy met-
als to molecules has been performed (e.g., Gd 3+ -anti-HER-2 antibody to detect 
breast cancer [ 104 ]), most recent targeted contrast agents involve nanoparticles: 
iron oxide (IO NPs, SPIOs, etc., Fig.  21.3 ) or Gd 3+ -loaded liposomes, perfl uorocar-
bons, or dendrimers (Table  21.5 ). To target the cancer physiome, several contrast 

     Table 21.5    Targeted contrast agents developed and utilized for in vivo small-animal molecular 
MRI of cancer   

 Molecular 
event/type 

 Molecular 
target  MRI contrast agent/substrate 

 Example studies in 
animal models of cancer 

 Angiogenesis  α V β 3  integrin  RGD peptide-Gd containing 
paramagnetic and 
fl uorescent liposomes 

 Colon [ 255 ] 

 RGD peptide-SPIOs  Squamous cell 
carcinoma [ 98 ] 

 Tumor cell 
receptors 

 HER-2  Avidin-Gd 3+ -anti-HER-2 
antibody 

 Breast [ 104 ] 

 Herceptin-IO NPs  Breast [ 256 ] 
 EGFR  Anti-EGFR antibody-IO NPs  Pancreatic [ 257 ] 
 uPA/uPAR  uPA/uPAR-specifi c 

peptide—IO NPs 
 Breast (uPA, [ 258 ]), 

pancreatic (uPAR, 
[ 259 ]) 

 Folate 
Receptor 

 PEG-G3-(Gd-DTPA)11-
(folate)5 

 Fibrosarcoma [ 260 ] 

 Reporter imaging 
[ 105 ] 

 β-gal  EgadMe  Prostate [ 261 ] 
 Trasferrin 

receptor 
 Transferrin-MION  Breast [ 262 ] 

 Ferritin  iron  Glioma [ 106 ] 
 Lysine-rich 

protein 
 –  Glioma [ 263 ] 
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agents  targeting α V β 3  integrin have been developed using RGD peptide, α V β 3  integ-
rin  peptide antagonist, or anti- α V β 3  integrin antibody (see [ 98 ] for review). Other 
targeted contrast agents have been constructed to target cancer cell receptors, 
including HER-2, epidermal growth factor receptor (EGFR), urokinase-plasmino-
gen activator (uPA)/receptor (uPAR), and folate receptor (Table  21.5 ), among others 
[ 101 ,  103 ]. Reporter gene imaging of cancer with MRI mostly utilizes iron uptake 
by cells using an iron receptor as a reporter (Table  21.5 , [ 105 ]). For example, a 
tumor xenograft mouse model using C6 glioma cells expressing a tetracycline-
inducible eGFP-ferritin reporter was utilized to verify the feasibility of using MRI 
to detect reporter genes, as it was consistent with fl uorescent imaging quantitation 
[ 106 ]. Notably, a ferritin- expressing transgenic mouse has been developed for track-
ing organ (and potentially, cancer) gene expression with MRI [ 107 ]. MRI-applicable 
reporter genes and/or NPs have been used also for cell tracking. As described above, 
cell tracking studies are performed to understand cancer metastases as well as deliv-
ery immune- and/or cell-based therapies (e.g., mesenchymal stem cells). For exam-
ple, Partlow et al. [ 108 ] used  19 F (another proton/nuclei) MRI imaging to track 
perfl uorocarbon NP-labelled stem cells following intravenous injection in a mouse. 
Similarly, perfl uoropolyether- labelled dendritic cells tracked to lymph nodes for 
investigation of use as immunotherapy [ 109 ]. Magnetic nanoparticles have also 
been used for “theranostics” (i.e., multifunctional use as diagnostic and therapeu-
tic) [ 103 ]. In addition to multifunctional polymer micelles carrying heavy ions and 
chemotherapeutic drugs (as described above from [ 65 ]), magnetic nanoparticles 
are used for “thermal therapy.” When a strong magnetic fi eld is applied, IO NPs 
absorb energy and convert it to heat. If these IO NPs are localized within a tumor, 
then it results in a localized temperature increase to 42–45 ºC, which sensitizes 
tumor cells to die (a process known as tumor hyperthermia). Wang et al. [ 110 ] 
demonstrated that magnetic fl uid hyperthermia (i.e., magnetic fi eld applied to 
Fe 2 O 3  and As 2 O 3 /Fe 2 O 3  magnetic microspheres to induce heat) induced necrosis in 
liver tumor-bearing mice.

3.5        Ultrasound (US) 

 Ultrasound is a non-invasive, real-time, inexpensive, portable, and non-radiological 
imaging technique. US images are generated by sending a high frequency sound 
wave (>1 MHz) to tissue and recording the echoes that scatter back from the tissue. 
Several US techniques are used for imaging in 2D cross-sectional views: (1) 
Brightness modulation (B-mode), in which returning sound waves from tissue of 
varying densities were registered by their intensities (i.e., echo intensities are con-
verted to different shades of gray: hypoechoic (decreased echoes) regions contain-
ing liquid (e.g., blood) appears as black, and hyperechoic (increased echoes) regions 
containing solids appear as white); (2) Color Doppler records shifts in emitted fre-
quency and responding echoes to measure liquid fl ow velocity and fl ow direction. 
This method is used frequently in cardiovascular imaging (see Chap.   20    ), but can be 
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used for imaging blood fl ow in microvessels (e.g., tumor angiogenic vessels); and 
(3) Contrast-enhanced molecular ultrasound (CEMUS) involves ultrasound detec-
tion of contrast agents. US contrast agents (e.g., microbubbles (Fig.  21.3 )) are usu-
ally fi lled with gas and are confi ned to vasculature (i.e., travel through blood vessels 
and do not leak out; however, they are small enough to travel through capillaries 
enabling visualization of small blood vessels) [ 111 ]. Microbubbles (MBs: 1–4 μm 
phospholipid-shelled perfl uorobutane-fi lled bubbles) are the most widely used con-
trast agent with US. When US waves are emitted onto MBs, the gas expands/con-
tracts resulting in particle oscillation and echo scattering. In addition to oscillating, 
the US wave can also cause MBs to compress such that differences in pressure 
result in asymmetric echoes/frequencies, also known as harmonics. Harmonics are 
expressed relative to the emitted US sound wave—either larger (overtones) or 
smaller (undertones). Higher amplitude harmonic imaging is often used to obtain 
high contrast with improved signal-to-noise ratio from contrast agents compared 
with surrounding tissue. Another method for separating signals from tissue and con-
trast agents is pulse-inversion, which involves emitting 2 US waves and recording 
the difference between the echoes received back from these waves. Since tissue is 
not moving, oscillating, or compressing, the returned echoes cancel each other 
resulting in no signal. But, since MBs oscillate and compress resulting in multiple, 
asymmetrical echoes, the two waves result in a positive signal intensity. Several US 
machines with high frequency transducers are produced for dedicated high- 
resolution small-animal molecular imaging (e.g., 40 MHz transducers and US 
machines made by VisualSonics, Inc.), and clinical US machines have also been 
used on small animals (though the resolution is signifi cantly lower using approxi-
mately 15 MHz transducer frequency). Three-dimensional US imaging systems 
(e.g., Vevo2100, VisualSonics, Inc.) provide the additional information by adding a 
motor to move the transducer and acquire 2D frames over mm ranges; thus, the 
frames are then stacked together to form a 3D image. Additional background mate-
rial about US imaging is available in the following references: [ 71 ,  112 – 115 ]. 

 One advantage of molecular imaging includes the ability to quantify molecular 
events in vivo, and several techniques are available for US imaging with contrast 
agents; however, all methods represent different ways to quantify vascularity. First, 
perfusion of contrast agent into an organ/tumor can be calculated to assess blood 
fl ow pattern and “highlight” abnormal regions (e.g., highlight tumor blood vessels 
to distinguish between vascularized regions and necrotic regions of a tumor). The 
intensities observed by the infl ux of contrast agent is plotted over time, and com-
parison of these curves can distinguish between experimental conditions. For exam-
ple, Ding et al. [ 116 ] performed US imaging with non-targeted microbubbles on 
fi brosarcoma xenografts to measure the effects of mitogen activated protein kinase 
kinase (MAPK/MKK) signalling on tumor angiogenesis. This study demonstrated 
that inhibition of MKK signalling resulted in decreased tumor perfusion as mea-
sured with US (while it did not affect perfusion in kidneys), which then correlated 
with decreased amounts of microvessels as assessed by ex vivo quantitative meth-
ods. Several reports have analyzed perfusion parameters and correlated with 
Doppler sonography. Krix et al. [ 117 ] used perfusion calculations and Doppler 
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sonography to identify reductions in tumor vascularity following anti-angiogenic 
therapy treatment. A second method for quantifying vascularity is to use contrast 
agents molecularly targeted to tumor angiogenic vessels. Since most US contrast 
agents are confi ned to the vasculature, these contrast agents are targeted to endothe-
lial cells lining the tumor microvessels. Studies have shown that tumor angiogenic 
vessels express different levels of genes/proteins, such as vascular endothelial 
growth factor receptor 2 (VEGFR2) or α V β 3  integrins, compared to blood vessels in 
normal tissue [ 118 ]. Willmann et al. [ 53 ,  119 ,  120 ] and others [ 121 ] have published 
several studies on the use of VEGFR2- and/or α V β 3  integrin-targeted MBs for quan-
tifi cation of expression levels of these markers in tumor microvessels (Table  21.6 ). 
Pysz et al. [ 54 ] reports the use of clinically-translatable MBs (i.e., constructed by 
direct binding of a peptides to lipid-shelled MBs; as opposed to using an antibody 
conjugated to the MB via streptavidin-biotin chemistry, which is toxic in humans) 
targeting human kinase domain receptor (KDR, the human analog of VEGFR2) for 
measuring response to anti-angiogenic therapy in murine colon tumor xenografts 
(i.e., after the study characterized the cross-reactivity to murine VEGFR2). 
Quantifi cation can be performed using a pulse-replenishment method: (1) measur-
ing the signal intensity of bound and unbound MBs after MBs have been given suf-
fi cient time to attach; (2) application of a high-frequency pulse to destroy the 
bubbles; and (3) measuring the signal intensity of the replenished unbound MBs 
[ 53 ]. Using this method in a breast cancer mouse model, Lee et al. [ 122 ] has also 
found that VEGFR2-targeted ultrasound signal intensities correlate with VEGFR2 
expression levels (assessed by ex vivo methods); therefore, US has capabilities of 
in vivo gene/protein expression quantifi cation. Tumor detection with β 3  integrin- 
targeted nanoparticles has also been evaluated with US by quantifying differences 

    Table 21.6    Targeted contrast agents developed and utilized in in vivo small-animal molecular US 
imaging of cancer   

 Molecular event/
type  Molecular target  US contrast agents 

 Example studies in animal 
models of cancer 

 Angiogenesis  α V β 3  integrin  Echistatin-coated MBs  Glioma [ 264 ,  265 ] 
 Anti-β 3  Ab-MB  Ovarian [ 123 ], squamous cell 

carcinoma [ 266 ] 
 β 3 -Targeted 

perfl uorocarbon NP 
 Breast [ 123 ] 

 VEGFR-2  Anti-VEGFR-2 Ab-MB  Ovarian [ 121 ], angiosarcoma 
[ 53 ], glioma [ 53 ], 
squamous cell [ 267 ], 
breast [ 122 ], pancreatic 
[ 268 ], melanoma [ 121 ] 

 KDR-peptide-MB  Colon [ 54 ] 
 Endoglin  Anti-endoglin Ab-MB  Pancreatic [ 268 ] 
 Tumor 

endothelium 
(target not 
known) 

 Tripeptide arginine-
arginine- leucine 
(R-R-L)-liposome 

 Squamous cell carcinoma 
[ 269 ] 
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in entropy levels [ 123 ]; however, the use of NPs (e.g., perfl uorocarbon-fi lled 
 lipid-shelled nanobubbles, polylactic acid/air-fi lled polymer-shelled nanobubbles, 
solid nanoparticles, etc. Review: [ 112 ]) with US is just emerging. Given that NPs 
have longer retention times and their smaller size will enable them to leak out of 
tumor angiogenic vessels to bind to cancer cells, intensity measurements will rely 
on enhancement from accumulation of NPs in a particular area. Acoustic properties 
with nanoparticles fi lled with various gases/liquids and constructed with various 
shells (e.g., polymer-shelled nano/microcapsules [ 124 ], gold nanoparticles [ 125 ], 
SPIOs [ 126 ]) are currently under investigation, and the use of targeted nanoparticles 
have been demonstrated in vitro (e.g., HER-2 targeted polylactic acid nanoparticles 
with breast cancer cells [ 127 ]). However, much work is still needed for in vivo opti-
mization of circulation time prior to measurement, amount of NP contrast agent, 
and intensity quantifi cation methods for future considerations of NPs with 
US-mediated tumor detection [ 128 ].

   In addition to its direct role in cancer detection as a molecular imaging modality, 
US has been used indirectly with other molecular imaging modalities for cancer 
detection and gene therapy through sonoporation. When US waves are emitted onto 
MBs, oscillation and MB expansion can create shear forces that result in cavitation 
(i.e., create pores/holes in cell membranes for enhanced permeability) of endothe-
lial cells. Alternatively, cavitation can also occur by applying higher frequencies 
for rapid expansion/compression of the MB, which generates high pressures and 
temperatures and creates membrane pores. Several studies have shown that US 
waves can also create pores in the absence of MBs ([ 129 ]; also, see Newman et al. 
[ 130 ] for review on sonoporation). For example, US-mediated sonoporation was 
used to label sarcoma cells with SPIO NPs for cell tracking with MRI [ 131 ]. With 
advanced US machines having 3D capabilities, this sonoporation technique also 
has potential for use with enhancing nanoparticle delivery in vivo for molecular 
imaging with other modalities (e.g., MRI and optical). US-mediated sonoporation 
is also utilized for gene transfection [ 132 ], and has been characterized using trans-
fection of reporter genes (e.g., luciferase (see Sect.  3.6 )). Moreover, combinations 
of certain microbubbles (e.g., positively charged MBs) and DNA have been shown 
to protect DNA from endonuclease degradation, which may contribute to higher 
transfection in vivo [ 133 – 135 ]. Several studies have used US-mediated sonopora-
tion for gene therapy, including delivery of suicide gene (HSV1-TK) therapy (e.g., 
[ 136 ]), siRNA (e.g., siRNA targeting Akt3 and mutant B-Raf [ 137 ]), and interferon 
beta (e.g., [ 138 ]), among others. Tumor-specifi c gene therapy has also been reported 
to avoid expression in the liver (i.e., due to MB accumulation). Nie et al. [ 139 ] used 
a VEGFR2- promoter to drive expression of thymidine kinase in a hepatocellular 
carcinoma murine model; since VEGFR2 expression is increased in tumor 
microvessel cells and US can be applied in a specifi c anatomical region to provide 
regional sonoporation, this study demonstrates that tumor-specifi c gene therapy is 
highly feasible using US-mediated sonoporation. Similarly, US-mediated sono-
poration has been used for targeted delivery of chemotherapeutic drugs, such as 
doxorubicin [ 140 ,  141 ], paclitaxel [ 142 ], and protein-type drugs [ 143 ] (e.g., anti-
bodies) (see Gao et al. [ 144 ] for review). These studies utilized microbubbles 
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encapsulating the chemotherapeutic drugs; however, US-enhanced therapeutic 
effects have also been demonstrated with circulating chemotherapeutic drugs [ 145 ]. 
Other applications for US imaging in oncology include guidance of invasive proce-
dures (e.g., surgery, needle injections/aspirations for therapy or biopsies), as well 
as direct thermal ablation of cancer cells (i.e., high intensity focused ultrasound 
applied at surfaces) [ 146 ].  

3.6          Optical Imaging 

 Optical imaging can be divided into subgroups: fl uorescent imaging, biolumines-
cent imaging, photoacoustic imaging, and spectral imaging. Chapters   8     and   16     
review the optical instrumentation used in small-animal optical imaging. Advances 
are continually working towards increased spatial resolution, decreased acquisition 
time, accurate quantitation, deeper tissue penetration, and increased tumor-to- 
background ratio for potential translation to clinical oncology [ 147 ]. For example, 
Sokolov et al. [ 148 ] has demonstrated an approach to development of a real-time, 
portable, and inexpensive optical confocal endomicroscopy system to successfully 
image cervical cell morphology in vivo, and produced real-time images closely 
resembling ex vivo histology. Furthermore, molecularly-targeted fl uorescent con-
trast agents (e.g., gold nanoparticles targeting epidermal growth factor receptor 
(EGFR) [ 149 ]) can provide a real-time, in vivo “biopsy” with gene/protein expres-
sion information in addition to the morphology. Fiber-optic microscopy has been 
clinically used to explore early-stage colorectal and lung neoplasms [ 147 ,  150 , 
 515 ], and these smaller imaging devices are currently being developed for small- 
animal imaging in conjunction with various contrast agents. Contrast agents used 
with optical imaging systems, include fl uorescently (green, far red, and 
photoswitchable)-labelled molecules, cells, or particles; light-scattering particles 
(e.g., gold, metal, or polymer nanoparticles, quantum-dots (semiconductor nano-
crystals)); and, bioluminescent proteins/enzymes (e.g., luciferase). Optically- 
detected labels (or particles) can involve (1) direct conjugation to the compound/
particle that will bind its molecular target; or (2) a reporter system where the cell(s) 
express the optically-detected protein/enzyme. The fi rst example is most commonly 
used; however, reporter systems are becoming increasingly popular with new 
advances in in vivo transfection/delivery methods. 

 Fluorescent labels include green or red fl uorescent protein, Cy5.5, Alexa series 
of dyes, and indocyanine green, among others [ 152 ]. Fluorophores are safe, inex-
pensive, chemically stable, and nonradiological [ 8 ], and improvements in bright-
ness, solubility, and photostability are continuing to advance [ 153 ]. They can be 
directly attached to a molecular probe as in the Veiseh et al. [ 154 ] study, which used 
Cy5.5-labelled chlorotoxin to optically visualize glioma cells in the brain. Just as 
 18 F-labelling for use with PET imaging, fl uorescently-labelled 2-DG has been suc-
cessfully used to image cancer cells in vivo; however, a smaller, non-NIRF fl uores-
cent dye is required to ensure that uptake is through glucose transporters rather than 

21 Applications of Molecular Small-Animal Imaging in Oncology



616

additional mechanisms used for uptake of larger, NIRF dyes (e.g., natural tumor 
uptake of the dye) [ 44 ]. Self-quenching fl uorescent dyes can also be packaged in 
liposome-like vesicles that are targeted to and bind to specifi c cell surface receptors 
(e.g., LDL receptor) for internalization into cancer cells; once the vesicle releases 
the dyes into the cells, the dyes become active and emit light [ 44 ]. Fluorescent dyes 
can also be attached to molecular probe associated with a quencher such that it is 
activated only when the probe has “associated” with its target. In this case, the dye 
and quencher are in close proximity (within 100 Å) to each other, and when this 
distance is lengthened, the dye transfers energy to the quencher, and releases light. 
The dye-quencher separation distance can be lengthened by the molecular “linker” 
connecting the dye and quencher, and is either broken (e.g., linker is made of a pep-
tide sequence susceptible to protease cleavage) or changed in conformation (e.g., 
the linker is made of an RNA hairpin that is processed in cells similar to shRNAs, 
linearized, and then bound to its target mRNA) (see Steffl ova et al. [ 44 ] for review). 
This dye-quencher system, also known as a molecular beacon, has been imple-
mented by Weissleder and colleagues ([ 155 – 159 ]) for imaging a variety of cathep-
sin- and MMP-type proteases, which are often overexpressed in many cancers. 
NIRF-labelled protease-activatable probes have been used for multi-modality can-
cer imaging, such as NIRF-imaging microcatheter/endoscope for colonic adenocar-
cinoma lesions [ 160 ,  161 ] and peripheral lung cancers [ 162 ], as well as fl uorescent 
molecular tomographic (FMT) and MRI of gliomas [ 163 ]. These cathepsin- and 
MMP-activatable probes, as well as other as well as directly-labelled targeted 
probes (e.g., α V β 3  integrin, EGFR, and 2DG), are commercially (e.g., VisEn 
Medical, LiCor Biosciences) available for small animal imaging studies. In addition 
to use for cancer detection, the highly-quantitative abilities of fl uorescent probe 
imaging also enable accurate measurement of therapeutic monitoring. Fluorescently- 
conjugated therapeutic antibodies (e.g., Avastin anti-human VEGF antibody) can be 
used to verify target, and discriminate on-target and off-target effects, as well as 
measure longitudinal effects of decreasing target expression over time [ 164 ]. 
Moreover, these probes can be used to specifi cally target therapy to cancer cells to 
minimize normal tissue damage; for example, MMP-7-protease cleavable molecu-
lar beacon releases a photosensitizer in the localized tumor region (i.e., because of 
high extracellular MMP-7 activity near cancer cells), and this photosensitizer can be 
activated by photodynamic therapy to produce cell-killing single oxygen species 
[ 44 ,  165 ] (Table  21.7 )   .

   Bioluminescence imaging of luciferase (from bacteria, insects, or sea pansy) 
expression is another type of optical imaging, which detects light released from 
enzymatic ATP-dependent conversion of  d -luciferin (administered to animal) to 
oxyluciferin. The wavelength depends on the luciferase type. Firefl y ( Photinus 
pyralis ) luciferase-catalyzed reaction emits light at ~580 nm. Click-beetle 
( Pyrophorus plagiophthalamus ) luciferase has been engineered to produce green- 
orange (544 nm) or red (611 nm) light following reaction.  Renilla  (sea pansy) and 
 Gaussia  (marine capecod) luciferase react with coelenterazine substrate in an ATP- 
independent manner to produce blue light (480 nm) [ 152 ]. Since tissue does not 
emit signifi cant levels of bioluminescence, background signal is very low, and can 
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detect as few as 100–10,000 cells, depending on the tissue-depth of injection [ 166 ]. 
Moreover, stable expression of the luciferase enzyme can enable longitudinal stud-
ies over signifi cant periods of time, as substrate is delivered only prior to imaging. 
Because it is a highly sensitive and quantitative method, bioluminescent imaging is 
used commonly in two applications: (1) measuring volumetric changes in implanted 
luciferase-expressing tumor cells (e.g., following therapy treatment [ 65 ]); and (2) 
reporter imaging of cell traffi cking and/or protein expression (e.g., Korpal et al. 
[ 59 ]) used BLI to track metastases of luciferase-expressing breast cancer cells to 
bone (detailed description of methods in Sect.  2.3 ). Recent reports also describe 
conjugation of luciferase to synthetic particles for targeted imaging (e.g., QDs 
[ 167 ]) with enhanced sensitivity. Since QDs require an external light source to be 
excited and emit fl uorescence, attachment of luciferase can provide this light 
source: addition of luciferase substrate to react with the enzyme will produce light. 
Thus, a light source localized around the QD can be generated even in deep-tissues 
for in vivo imaging. 

   Table 21.7    Contrast agents developed and utilized in in vivo small-animal optical molecular 
imaging of cancer   

 Molecular 
event/type  Molecular target  Optical contrast agents 

 Example studies in 
animal models of cancer 

 Angiogenesis  VEGFR-1/2  Cy5.5-VEGF  Breast [ 270 ] 
  64 Cu-DOTA-VEGF (peptide) 

(QD) 
 Glioma [ 234 ] 

 α V β 3  integrin  RGD-QD705  Glioma [ 271 ] 
 Rhodamine/

PE-RGD-liposomes 
 Colon [ 255 ] 

 Cy5.5-knottin peptides  Glioma [ 235 ] 
 Tumor cell 

receptors 
 HER-2  Cy5.5-anti-HER-2 Ab  Breast [ 272 ] 
 ER  Luciferase reporter (BLI)  Breast [ 57 ], brain [ 267 ] 
 Folate receptor  Pyropheophorbide-peptide- 

folate  
 Fibrosarcoma [ 273 ] 

 Proteases  Cathepsin 
(H, K, D, Z) 
[ 44 ,  274 ] 

 Cyanine-peptide  Breast [ 275 ] 

 MMP-(2, 7, 9)  Cy5.5-peptide  Fibrosarcoma, lung 
[ 276 ,  277 ] 

 Prostate specifi c 
membrane 
antigen 
(PSMA) 

 QD-anti PSMA Ab  Prostate [ 187 ] 

 Apoptosis  Caspase activity  Fluorescently labelled [ 278 ]  Pancreatic [ 279 ] 
 Annexin V  Fluorescently labelled  Colon [ 280 ] 

 Reporter gene  Luciferase  Enzyme substrates 
 d -luciferin, coelenterazine 

 Breast [ 59 ] 

 GFP/RFP  Fluorescent protein  Mesenchymal stem cells 
traffi cking to gliomas 
[ 68 ] 
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 As with other imaging modalities, contrast agents used to detect cancer cells 
with optical imaging devices have evolved to include peptide- or antibody- 
conjugated nanoparticles, including quantum dots, metal nanoparticles, and car-
bon nanotubes [ 168 ]. Quantum dots are semiconductor crystals (2-12 nm diameter) 
that naturally emit fl uorescence, and depending on their size and composition, 
they can emit multiple colors (i.e., different wavelengths with the same emission 
wavelength); therefore, they can be used for multi-targeting applications. In addi-
tion, they are brighter (e.g., 10–50 times larger molar extinction coeffi cient than 
fl uorophores), more photostable, and chemically stable than fl uorophores [ 169 ]. 
Most notably, their light emitting and size properties are highly fl exible and tun-
able for specifi c interests. They can also be used with multiple imaging modalities 
to gain more information. Quantum dots have been coupled with Fe 2 O 3 , FePt, or 
Gd 3+  for imaging with 3-D optical imaging systems (e.g., fl uorescence molecular 
tomography (FMT) from VisEn Medical, Inc.) and MRI to respectively obtain 
molecular target and anatomical information (see Nie et al. [ 169 ] for review). 
Quantum dots can be conjugated with various moieties for molecular targeting, 
including streptavidin (e.g., for conjugation of a biotinylated moiety such as an 
antibody or DNA plasmid), luciferase, or direct conjugation of moiety to a PEG-
coated QD. They may also be coated with polycationic peptides, which promote 
cellular uptake of quantum dots for intracellular targeting (similar to molecular 
beacon construction strategies discussed above) [ 170 ]. In contrast to QDs, metal 
NPs have both absorptive and scattering properties, and can be visualized with 
NIRF, darkfi eld microscopy, and photoacoustic imaging (see Hirsch et al. [ 171 ] 
for review). 

 Photoacoustic imaging involves optical stimulation of nanoparticles, which 
absorb light, and then convert the light energy to heat. The generated heat results 
in a thermoelastic expansion of the tissue and increase in pressure, which gener-
ates an ultrasonic wave [ 172 ]. Li et al. [ 173 ] reported the use of HER-2- and 
EGFR-targeted gold nanorods activated at 785 nm and 1,000 nm respectively for 
in vivo detection of squamous cell carcinoma in a murine tumor xenograft model. 
In vivo photoacoustic imaging of cancer in small animals has also been per-
formed with gold nanoshells [ 171 ] and SWNTs [ 174 ]. Carbon and metal NPs also 
demonstrate surface- enhanced Raman scattering of photons, and can be used 
with Raman spectroscopy, which measures scattered photons. Zavaleta and col-
leagues [ 175 ,  176 ] have described the use of RGD-targeted SWNTs and non-
targeted gold NPs to image subcutaneous tumor xenografts with a Raman 
microscope. Both Raman spectroscopy and photoacoustic imaging techniques 
have increased spatial resolution and soft tissue depth compared with traditional 
optical imaging, and have potential for implementation in surface scanning 
instruments, especially endoscopy [ 172 ], or for applications requiring low light 
penetration (e.g., skin or breast). For more detailed description of Raman spec-
troscopy and photoacoustic imaging techniques, please see the following reviews: 
[ 171 ,  177 ,  178 ].   
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4      Molecular Imaging for Development, 
Monitoring, and Delivery of Cancer Therapy 

4.1     The Road from Bench to Bedside for Development 
of Cancer Therapeutics 

 Pre-clinical research in small animals plays a critical role in evaluating medical 
practices and drug development. The steps of bench-to-bedside translational 
research (Fig.  21.5 ) can be very time-consuming and expensive; therefore, accurate, 
quantitative, and robust methodologies like molecular imaging are invaluable for 
molecular probe and drug development [ 71 ,  147 ,  179 ].

   The fi rst step in this process is to identify potential targets of interest. As dis-
cussed above and is shown in Table  21.1 , several genetic alterations common to 
various cancers have been well characterized. At fi rst glance, it perhaps seems very 
straightforward to utilize the wealth of available genetic/proteomic/phenotypic 
information to identify potential targets for imaging and treatment of cancer. 

Tumor
Biopsy/

Resection
Characterize gene/protein expression 

and localization (e.g., microarrays (left) 
or immunofluorescence(right))

Read & 
Form Ideas

In vitro
Testing

Chemical
Synthesis
& Testing

Ex vivo
Testing

In vivo
Testing

Retest or
Revalidate

(e.g., side effects, 
biodistribution)

Clinical 
Testing

Target 
Validation

  Fig. 21.5    Bench-to-bedside translational research involves intense pre-clinical investigation and 
validation in vitro, in vivo, and ex vivo before coming full circle to the patient. This process is 
performed for both molecular imaging probe design and cancer therapeutics       
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However, several factors can complicate the process, especially when considering 
what happens in the clinic. Cancer is a progressing disease, with changing gene/
protein expression and tumor characteristics over (1) time and (2) localization. For 
example, hypoxic regions can develop during tumor growth, and studies have shown 
that these regions are dynamically “moving.” Hypoxia induces expression levels 
and activity of HIF-1α, which facilitates expression of proteins that can act on free 
radicals; thus, a cycle of hypoxia-reoxygenation occurs. Radio- and chemical-based 
therapeutics most often require oxygen or oxygen radicals to produce cytotoxic 
effects; therefore, in absence of oxygen, these hypoxic regions are often multidrug 
resistant [ 180 ]. Other factors that contribute to therapeutic resistance include:

    1.    Enhanced survival of endothelial and tumor cells (via continuing tumormicroen-
vironment (i.e., tumor cells interacting with normal cells, tumor stroma, infi ltrat-
ing immune cells, etc.) interactions (i.e., cell-cell communications via secreted 
cytokines, growth factors, enzymes, and other proteins/chemicals), and   

   2.    Hypoxia-induced genomic instability promoting resistance to DNA damage 
(e.g., by radiotherapy) or to apoptosis (e.g., by chemical inducers such as TRAIL 
ligand) (see Teicher et al. [ 180 ] for a review on drug resistance).     

 Hypoxia also induces angiogenesis, whereby the host’s blood vessels are 
recruited to form new vessels through the tumor (Fig.  21.1 ); thus, the tumor forms 
its own vascular supply of nutrients. Because of varying regions of hypoxia and 
cell-cell communications, these angiogenic vessels are often disorganized (in 
direction/location) and leaky [ 180 ]. Molecular imaging and cancer therapy is 
highly dependent on angiogenic vessels for delivery of molecular imaging probes 
(e.g., targeted microbubbles or nanoparticles) and chemotherapeutic drugs. Taken 
together, amounts of hypoxia affect levels of angiogenesis, which in turn affect 
the accessibility to the tumor. All of these factors change over time, which empha-
sizes the need to have different strategies for different stages of cancer. This ratio-
nale has led to construction of multi-targeted probes. Willmann et al. [ 120 ] 
demonstrated the used of dual-targeting microbubbles for detection of α V β 3  integ-
rin and VEGFR2 expression with ultrasound. The idea behind this study was that 
early, new formed angiogenic vessels may have different gene expression than 
previous established, older angiogenic vessels; therefore, an imaging probe tar-
geting two key proteins involved in angiogenesis may demonstrate the “activity” 
of angiogenesis. 

 In addition to considerations of tumor progression, the location and manner in 
which the tumor acts with the microenvironment can also affect imaging and thera-
peutic strategies. For example, the tumor-stroma component is an important contri-
bution to the invasive behavior of pancreatic cancer [ 181 ]; therefore, targeting the 
tumor-stroma component may be a better strategy. Molecular imaging has the ability 
to provide this information by demonstrating in vivo mapping of localized gene/
protein expression. Other factors affecting target optimization include primary tumor 
compared to metastatic disease and tumor subtypes (e.g., androgen- dependent pros-
tate cancer versus androgen-independent prostate cancer). Thus, molecular imaging 
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provides a platform for detection and staging of cancer (as discussed throughout the 
chapter), but also for optimizing targets for “personalized” (i.e., tumor-characteristic 
dependent) and specifi c (i.e., tumor targeted) cancer therapy [ 182 ]. 

 The  second  step in the bench-to-bedside process is target evaluation and valida-
tion. Once targets have been identifi ed, drugs and/or targeting molecules for imag-
ing probes are synthesized and rigorously tested in vitro and in vivo. Thousands of 
chemical compounds may be tested, with often only one compound ultimately 
qualifying for clinical testing. Several rounds of in vitro and in vivo testing may 
occur to ensure (1) specifi city of targeting; (2) identifi cation of off-target effects 
(both non-specifi c targets in tumor cells and effects on normal cells); (3) uptake and 
metabolic effi ciency; (4) evaluation of toxicity to both tumor and/or normal cells; 
(5) effi ciency of in vivo delivery and pharmacokinetics; (6) measurement of overall 
effects (e.g., level of tumor eradifi cation); and (7) dose optimization, among others 
[ 71 ]. Molecular imaging can be used for all of these steps both in vitro (e.g., use of 
bioluminescence imaging to quantitate the differential effects of thousands of drug 
compounds on cells) and in vivo (several similar examples for molecular imaging 
probes described throughout chapter) [ 71 ]. In this section we will focus solely on 
evaluating cancer therapy with cancer imaging, though the process (Fig.  21.5 ) for 
evaluating targets of molecular imaging probes is similar. There are two main uses 
for molecular imaging in pre-clinical evaluation of cancer therapeutics: (1) mea-
surement of tumor response (e.g., tumor cell death, tumor volume, endpoint effect, 
etc.) using established molecular imaging probes (discussed throughout the chap-
ter), and (2) measurement of biodistribution and/or tumor localization of the drug.  

4.2     Evaluating Cancer Therapeutic Effi cacy 

 The ultimate goal of cancer therapeutics is to completely eradicate all the tumor cells 
for complete remission of the patient. This process can take time, and may involve 
treatment with multiple therapeutic drugs for synergistic effects. Molecular imaging 
can play several roles in evaluating the effect of therapy on the target. First, the tumor 
size/volume can be measured. Anatomical modalities like CT, MRI, and even 3D 
ultrasound can provide a physical measurement of the tumor. Secondly, measure-
ments of molecular activities/events can be used to assess changes in tumor response. 
Several FDA-approved cancer chemotherapy drugs target proteins (e.g., EGFR, 
HER-2, ER) or cellular processes (e.g., microtubule breakdown) associated with pro-
liferation (Table  21.8 ). Changes in metabolic activity or proliferation rates can then 
be measured using  18 F-FDG-PET or  18 F-FLT-PET respectively. As discussed above, 
increased FDG uptake is observed in hypoxic regions, and therefore, may not accu-
rately refl ect decreased proliferation [ 71 ]. Anti-angiogenic therapy (e.g., Avastin 
(Genentech, Inc.)) is FDA-approved for the treatment of some cancers (e.g., colorec-
tal). To monitor the effi cacy of this chemotherapeutic treatment, molecular imaging 
of angiogenesis can be used. Clinical imaging of angiogenesis includes CT [ 72 ], 
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MRI, and US [ 71 ] perfusion studies, as well as  18 F-RGD-PET imaging [ 71 ]. Other 
methods for evaluating secondary effects    (e.g., imaging of apoptosis with radiola-
belled annexin V (see Sects.  3.1  and  3.2 ) or levels of hypoxia (e.g.,  18 F-FAZA-PET) 
of anti-proliferative or anti-angiogenic drugs) have been described (see review: [ 71 ]).

   Another method used to measure the effi cacy of the chemotherapeutic drug is to 
directly radiolabel it and use it as both an imaging probe and therapy. Table  21.8  
lists several common chemotherapeutic drugs that have been chemically labelled 
with radioisotopes, NPs, or fl uorescent dyes for cancer detection in small animals. 
PET imaging of radiolabelled chemotherapeutics have also been used in patients 
(see reviews: [ 71 ,  182 ]). This method is useful for determining if the drug can pen-
etrate the tumor, as well as characterizing distribution to other organs. Subsequent 
longitudinal imaging scans will refl ect drug activity. For example, radiolabelled 
anti-VEGF antibody will bind VEGF, and therefore, be a measurement of angiogen-
esis with the tumor. Assuming that the therapeutic effect is to inhibit angiogenesis 
resulting in lack of nutrients and increases in cell death, there will be a decrease in 
the number of vascular endothelial cells expressing VEGF receptors, and it is 
expected that a second scan would refl ect decreased signal associated with the 
tumor. Kurdziel et al. [ 182 ] also reports direct-labelling of chemotherapies are use-
ful for evaluating multidrug resistance. This strategy involves using molecular 
imaging of tumor uptake/penetration of the drug such that if the drug is not/weakly 
taken up by the tumor, alternative or additional/synergistic therapies may be sug-
gested to improve outcome and avoid unwanted side-effects.  

    Table 21.8    FDA-approved chemotherapeutic drugs have been labeled for imaging cancer in small 
animals   

 Therapy  Target  Label type 
 Imaging 
modality 

 Example studies in animal 
models of cancer 

 Bevacizumab/Avastin  VEGFR   89 Zr  PET  Ovarian [ 281 ,  282 ] 
  111 In  SPECT  Ovarian [ 282 ] 

 Trastuzamab (review: 
[ 240 ,  283 ]) 

 HER-2   111 In  SPECT  Ovarian, breast [ 240 ,  283 ] 
  90 Y,  86 Y,  68 Ga  PET  Ovarian [ 240 ,  283 ] 
 MnO NP  MRI  Breast [ 240 ,  283 ] 
 Cy5.5  Optical  Breast [ 240 ,  283 ] 

 Tamoxifen [ 244 ]  ER   131 I  SPECT  Breast [ 244 ] 
  18 F  PET  Breast [ 244 ] 

 Gefi tnib  EGFR tyrosine 
kinase 

  11 C  PET  Breast [ 284 ] 

 Cetuximab  EGFR   64 Cu  PET  Head and neck squamous 
carcinoma [ 240 ] 

 Cy5.5  Optical  Head and neck squamous 
carcinoma [ 285 ] 

 Erlotinib/Tarceva  EGFR   11 C  PET  Lung [ 286 ] 
 Paclitaxel  Microtubule 

breakdown 
  18 F  PET  Breast [ 287 ] 
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4.3     Molecular Imaging for Targeted Therapy 
and/or Site- Specifi c Resection 

 As mentioned, the specifi c localization of the drug to the tumor can be directly visu-
alized by chemically labelling the drug. Several examples of tumor-targeted drug 
delivery mechanisms were discussed in Sect.  3  with each imaging modality. These 
include (1) suicide gene therapy driven by a tumor specifi c promoter; (2) US-mediated 
sonoporation during chemotherapeutic administration; (3) drugs encapsulated in 
targeted-synthetic particles; and (4) use of γ- and β/α-emitting radioisotopes to label 
targeting molecules for dual PET and/or SPECT imaging and radiotherapy. 

 Imaging modalities providing anatomical information, such as MRI, CT, or 
 optical (e.g., endoscopy) modalities, can also be used to assist in surgical tumor 
removal, or provide direct therapy (e.g., MRI radiowaves delivering “thermother-
apy” to induce tumor hyperthermia). For example, MRI-guided HIFU ablation is 
commonly performed for removal of prostate [ 183 ,  184 ], and has been evaluated for 
treatment of other cancers (e.g., liver [ 185 ], breast [ 186 ]).   

5     Conclusions and Future Directions 

 Preclinical molecular imaging in small animals plays an invaluable role in transla-
tional cancer research. Developments in instrumentation technologies (e.g., 
increased resolution, or combining modalities with single instruments such as PET/
CT, PET/MRI, or endoscopy/US), material chemistries (e.g., new synthetic materi-
als such as nanoparticles), and identifi cation of new molecular targets and/or thera-
pies have greatly advanced our current understanding of cancer from the molecular 
level (e.g., tumor gene/protein expression) to the macromolecular level (e.g., inter-
action of tumor with microenvironment). However, the actual translation of many of 
the aforementioned molecular imaging probes and/or therapies to clinical practice 
remains a signifi cant challenge. Regulatory requirements are strictly imposed by the 
Food and Drug Administration (FDA) for approval of molecular imaging probes 
and/or cancer therapies; though these can be reduced for exploratory trials with 
micro-doses of imaging probes (e.g., PET tracers which are injected in trace 
amounts) [ 71 ]. For example, it may take exhaustive resources and an average of 
14.2 years to move a cancer therapy drug from target identifi cation to FDA-approval 
and clinical use (cycle highlighted in Fig.  21.5 ) [ 71 ]. Future directions in cancer 
research hope to improve on the cost/time factors for research scientists, but most 
importantly, on clinical oncology through (1) early detection, (2) in vivo molecular 
characterization of cancer, and (3) tumor-targeted and tumor-specifi c therapies for 
ultimately enhanced survival and/or complete remission—all of which can be 
accomplished with molecular imaging.     
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1            Introduction 

 In the past decades, the fi eld of molecular imaging of infl ammation/infection has 
enormously expanded because of the huge clinical need for diagnostic, prognostic 
and therapeutic purposes. 

 Imaging infl ammation and infection is an exquisite example of imaging histo- 
pathological changes with very little morphological alterations of tissues and 
organs. This makes it diffi cult to be detected using conventional radiological tech-
niques, such as ultrasound (US), computed tomography (CT) and even magnetic 
resonance imaging (MRI). The best chance for infection imaging and to evaluate its 
extent and severity is the use of radiolabeled probes (radiopharmaceuticals) that 
specifi cally bind to relevant target molecules highly expressed in the site of infl am-
mation/infection [ 1 ]. 

 A very important application of molecular imaging of infection, beside diagno-
sis, is to help clinicians for therapy decision making and early therapy follow-up. 
We aim at providing a wide range of radiopharmaceutical to guide clinicians to 
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select the most appropriate therapy, based on what target is more expressed than 
others, and to early assess the effi cacy of therapy with obvious economical other 
than clinical relevance. 

 In this view, specifi city of radiolabeled probes is the key. We must be able to 
distinguish between a sterile infl ammation and a microbial infection, being the two 
events not always associated. Indeed a sterile infl ammation can be found in organ- 
specifi c autoimmune diseases, degenerative diseases, atherosclerosis, chronic graft 
rejection and others. By contrast acute or chronic infections are characterized by the 
presence of micro-organisms in the infected tissue and a predominant polymorpho-
nuclear cell type of infi ltration with variable levels of edema. 

 The terms “infl ammation”, “infection”, “acute” and “chronic” have, therefore, 
different meanings for histo-pathologists, clinicians and nuclear medicine physi-
cians. For imaging purposes we defi ne an infl ammation, a reactive infl ammatory 
sterile process (often chronic and with predominant tissue infi ltration of mononu-
clear cells); an infection, the presence of foreign micro-organisms (often acute and 
with predominant tissue infi ltration of polymorphonuclear cells); acute, a process 
that develops within days or weeks (with endothelial cell activation, polymorpho-
nuclear cell infi ltration and large tissue exudate); chronic, a process that develops in 
months or years, often after an acute event (with little endothelial cell activation, 
mononuclear cell infi ltration and little transudate). 

 To achieve the goal of molecular imaging of different events occurring in infl am-
mation or infection we require a combination of highly advanced and sophisticated 
imaging devices with tailored radiopharmaceuticals.  

2     Imaging Tools 

 To image infl ammation and infection in small animals, high resolution and sensitive 
imaging tools are mandatory, because foci can be small and infl ammatory processes 
can be mild. Several imaging modalities are available for small animals, which can 
roughly be divided in morphological and functional, depending on the main infor-
mation they provide. Characteristics of imaging modalities for small animal imag-
ing are summarized in Table  22.1 . In the following paragraphs, we will briefl y 
discuss the most important ones in relation to infection and infl ammation imaging 
in small animals.

2.1       CT 

 CT is a morphological imaging technique that consists of a rotating x-ray tube 
and a detector system [ 3 ]. Dedicated small animal CT cameras, that provide high-
resolution (<50 µm) 3D information of body structure, due to differential attenua-
tion of X-rays by various tissues, are available. Although CT is ideally suited for 
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imaging of structures like bone, the contrast between different soft tissues is 
poor. To improve visualization of soft tissues, blood pool contrast agents can be 
used. However, CT contrast agents that specifi cally target the site of infl ammation 
are not available. Since infl ammation and infection do not often induce morpho-
logical changes of affected tissues that can be observed by CT, this technique 
usually is not useful for investigating infection and infl ammation, but it could 
provide complementary anatomical information when used in combination with 
functional imaging modalities.  

2.2     MRI 

 MRI is a high-resolution imaging technique that is predominantly used to investi-
gate soft tissue morphology [ 4 ]. MRI measures the electromagnetic fl ux that is gen-
erated when nuclei that have been excited by a radiofrequency pulse in a magnetic 
fi eld return to their low energy spin state. MRI images can be acquired base on the 
longitudinal (realignment) relaxation time T1 or on the transverse (spin phase) 
relaxation time T2. The signal of T1 and T2-weighted MRI is dependent on the 
environment of the relaxating nucleus. MRI usually measures the spin relaxation of 
protons present in water. However, other atoms like  13 C,  23 Na and  31 P can also be 
used for MRI, but these atoms generate a much weaker signal and are far less abun-
dant in vivo than  1 H. MRI cameras consist of a magnet that generates a homoge-
neous static magnetic fi eld, a radiofrequency transmitter and receiver and three 
orthogonal magnetic gradient coils. For small animal imaging, dedicated MRI sys-
tems have been developed with increased sensitivity and resolution (as low as a few 
cubic micrometers) by using higher strength magnetic fi elds (up to 20 T), smaller 
bore and dedicated radiofrequency coils. To increase the specifi city of MRI differ-
ent contrast agents have been exploited. Two classes of contrast agents can be dis-
criminated: paramagnetic and super-paramagnetic. Paramagnetic contrast agents, 
usually gadolinium complexes, enhance the signal in T1-weighted MRI, whereas 
super-paramagnetic contrast agents like iron oxide particles reduce the T2 signal. 

 MRI can discriminate different tissues on basis of their water content. 
Consequently, morphological MRI could be exploited to visualize the higher water 
concentration in edema that is formed as a result of infl ammation or infection [ 5 ]. 
With the exception of edema, infection and infl ammation do usually not induce 
substantial morphological changes that can be monitored by anatomical MRI. 

 In addition to morphological information, MRI can also provide functional infor-
mation when targeted contrast agents are used [ 6 ]. For targeted imaging of infection 
and infl ammation, ultra-small super-paramagnetic iron oxide (USPIO) particles 
could be of particular interest. When injected in the blood stream, USPIO particles 
are rapidly taken up by macrophages via phagocytosis. Subsequently, migration of 
the labeled macrophages to the site of infection can be monitored by MRI [ 7 ]. The 
difference in accumulation of macrophages in infectious and sterile infl ammation 
would allow discrimination between the different types of infl ammation. In 
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addition, immune cells (leukocytes, NK cells) can be labeled in vitro with iron 
oxide particles for cell tracking with MRI. Iron oxide particles can also be used to 
label bioactive molecules. For example, USPIO have been conjugated to an anti-
body directed against CD4 [ 8 ]. This labeled antibody could successfully detect CNS 
infi ltrating helper T cells in various models of infl ammation. Likewise, antibodies 
have also been conjugated with the chelator DTPA for labeling with gadolinium [ 6 ]. 
Although targeted imaging with MRI contrast agents is feasible, the technique is not 
sensitive, as it requires concentrations of the contrast agents at the target site to be 
in the micro- to millimolar range. For instance, 100–1,000 gadolinium atoms have 
to be bound to a single antibody molecule in order to get a suitable signal. Such a 
high gadolinium load can easily result in loss of affi nity of the antibody. USPIOs 
generate a stronger signal than gadolinium and could therefore be more sensitive.  

2.3     Optical Imaging 

 Optical molecular imaging is a low-cost, fast and sensitive non-invasive imaging 
technique that monitors the propagation of light through tissue [ 9 ,  10 ]. The most 
widely used optical imaging techniques are fl uorescence and bioluminescence 
imaging. In fl uorescence imaging, an external light source excites a fl uorescent 
imaging probe inside an animal to a higher energy state. The fl uorescent reporter 
probe subsequently returns to its ground energy state by emission of light with a 
longer wavelength. The emitted light is detected outside the animal by a light sensi-
tive camera. When multiple fl uorophores are used that emit light at different wave-
lengths, various processes can in principle be studied simultaneously using the 
appropriate light emission fi lters. The instrumentation for fl uorescence imaging 
typically consists of a charge-coupled device (CCD) camera, mounted on a light- 
tight chamber with an animal support device, an external light source and excitation 
and emission fi lters. The sensitivity of fl uorescence imaging is limited by tissue 
optics and background light. To reduce baseline noise, the CCD camera can be 
cooled to −105 °C. The major limitations to the sensitivity of fl uorescence imaging 
are autofl uorescence and poor penetration of light through tissues, due to absorption 
and scattering. Classical fl uorescent probes like GFP and DsRed emit light in the 
visible spectrum from 400 to 650 nm. At wavelengths <600 nm, light is highly 
attenuated by haemoglobin and other proteins and consequently only superfi cial 
infl ammatory foci (<1 cm deep) can be imaged with probes that emit light in this 
range of the spectrum. To overcome this problem, new probes like dyes that absorb 
and emit light in the near-infrared (NIR) region (700–1,000 nm) and quantum dots 
(semiconductor nanocrystals) have been developed for fl uorescence imaging [ 11 ]. 
Most tissues show less autofl uorescence and absorption in the NIR region than in 
the visible region and therefore visualization of deeper tissues can be achieved with 
NIR fl uorophores. Still, fl uorescence imaging is mainly suitable for application in 
small animals. The nonlinear attenuation of light by tissue makes quantifi cation of 
optical imaging data a complicated task. Two-dimensional optical images 
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preferentially show superfi cial activity and cannot resolve depth. Tomographic 
 optical imaging devices have now been developed to overcome these limitations 
[ 12 ]. Improved quantifi cation and volumetric localization can be achieved using 
transmission images that can be generated with light source-detector pairs at  multiple 
angles [ 13 ]. 

 In bioluminescence imaging [ 14 ], cells within the animal have been engineered 
to produce a light-producing enzyme (luciferase). Firefl y luciferase is most fre-
quently used for bioluminescence imaging. In the presence of oxygen en adenosine 
triphosphate, fi refl y luciferase oxidizes its substrate luciferin and produces yellow- 
green light with an emission peak of approximately 560 nm. Luciferases of other 
species, such as click beetle, and luciferases that react with different substrates, 
such as sea pansy (Renilla) and marine copepod (Gaussia), have also been used. 
Besides these luciferases, the lux operons of bacteria like  P. luminescence  could 
also be used for bioluminescence imaging. Since the bacterial operon encodes all 
proteins that are required for bioluminescence, administration of an external sub-
strate is not required. Unfortunately, attempts to transfect the bacterial operon into 
mammalian cells have remained unsuccessful. For bioluminescence imaging the 
same equipment can be used as for fl uorescence imaging, although the external light 
source is not needed. Bioluminescence of fi refl y luciferase generates an emission 
spectrum, of which about 30 % is above 600 nm. Although a major portion of the 
light signal is absorbed and scattered by tissue, the low background associated with 
bioluminescence makes this technique more sensitive than fl uorescence imaging. 

 In the context of infection and infl ammation imaging, two types of optical imag-
ing approaches can be discriminated: reporter gene imaging and imaging of a tar-
geted ligand. For cell tracking, for example, the reporter gene approach is often 
used. Immune cells or pathogens (e.g. lymphocytes, bacteria, viruses) can be geneti-
cally engineered to express a fl uorescent or luminescent reporter gene (e.g. GFP, 
luciferase, lux operon). After in vivo administration of the engineered cells, their 
migration can be repetitively monitored, as well as the effect of therapeutic interven-
tion. Bioluminescence imaging is especially attractive for this purpose, since the low 
background associated with this technique allows detection of only a small concen-
tration of cells [ 15 ]. The targeting ligand approach is frequently used in fl uorescence 
imaging, but is not suitable for bioluminescence. In this method, a fl uorophore is 
linked to a ligand with affi nity for a specifi c process in infection or infl ammation, 
such as a biomolecule that is overexpressed by a pathogen or an immune cell. 
Various fl uorescently labeled ligands have been labeled, including antibodies [ 16 ], 
enzyme substrates [ 17 ], antimicrobial peptides [ 18 ] and antibiotic drugs [ 19 ].  

2.4     Nuclear Imaging 

 Positron emission tomography (PET) and single photon emission computed tomog-
raphy (SPECT) are nuclear imaging techniques that provide functional information 
about biochemical and physiological processes. Both PET and SPECT imaging are 
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based on the detection of radioactive radiation from a targeted tracer by a dedicated 
camera [ 20 ,  21 ]. After intravenous injection, the radioactive tracer migrates to the 
target organ, where it is trapped by interaction with e.g. receptors, transporters, 
enzymes or antigens. The accumulation of radioactivity in the target organ is a mea-
sure of the biological parameter that was investigated. PET and SPECT differ in the 
radionuclide that are employed to label the tracer and in the detection technology of 
the camera. 

 PET tracers are usually labeled with short-lived isotopes, like  11 C,  13 N,  15 O,  18 F, 
 64 Cu,  68 Ga,  89 Zr and  124 I with a half-life that varies from 2 min to 4 days. These iso-
topes decay all by emission of a positron, which travels a short distance in tissue, 
depending on its energy. When the positron has lost most of its energy, it interacts 
with an electron and undergoes a process called annihilation. In this process, the 
positron and electron are converted into two 511 keV photons that are emitted in 
opposite directions. Outside the body the electrons are detected by the PET camera. 
The PET camera contains ring of detectors that are located around the bore where 
the subject is placed. The PET camera only registers photons with the proper energy 
that are detected in coincidence (i.e. within 10 ns) by opposite detectors. The mostly 
used detectors are made from lutetium oxyorthosilicate (LSO) or its equivalent 
(LYSO) and gadolinium orthosilicate (GSO), because of the high gamma-ray stop-
ping power of these materials. PET is high sensitive (picomolar concentration) 
because it does not require the use of a collimator. In contrast to e.g. optical imag-
ing, PET is independent of tissue depth, because absorption of radiation by the body 
can be compensated for by attenuation correction using a transmission scan that is 
made with an external radioactive source or a CT scan (for hybrid systems). The 
spatial resolution of PET depends on the energy of the positron, the detector size 
and the bore size of the camera. Most clinical PET cameras currently have a spatial 
resolution of about 5 mm. Dedicated small animal PET scanners are now available 
with a spatial resolution of about 1 mm, which is mainly due to a reduction in bore 
and detector crystal size. For most animal scanners, however, the spatial resolution 
rapidly declines when moving away from the centre of the fi eld-of-view. A major 
advantage of PET over other imaging techniques is that it allows absolute quantifi ca-
tion of the biochemical parameter of interest by pharmacokinetic modeling. For 
quantifi cation, not only the data from a dynamic PET scan, but also information on 
the plasma radioactivity and plasma metabolites over time are required. The plasma 
input function and plasma metabolites can be determined by repetitive arterial blood 
sampling during the PET scan. Arterial blood sampling for quantifi cation is a major 
challenge in very small animals like mice [ 22 ]. In rats, the procedure is generally 
feasible, but longitudinal protocols are usually not possible, because of the arte-
rial canulation and the relatively large volume of blood that is withdrawn. For 
some tracers, the tracer input curve that is required for quantifi cation can be derived 
from the PET image itself by regions-of-interest analysis of the blood pool of the 
heart or a reference tissue. 

 For SPECT imaging, radionuclides that emit single photons are applied, such as 
 99m Tc,  111 In and  123 I. In SPECT cameras a collimator is placed in front of the detector 
system. A collimator is a perforated plate—usually lead or tungsten—that rejects all 
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photons that do not travel in a specifi c direction. Because the collimator blocks most 
photons, the sensitivity of SPECT is about 2 orders of magnitude lower than that of 
PET. In most systems, the collimator and detector rotate around the subject in order 
to obtain data in three dimensions. Collimators with parallel holes perpendicular to 
the detector are usually applied in clinical SPECT cameras. For SPECT cameras 
with parallel-hole collimators the resolution is mainly determined by the geometry 
of the collimator and detector size. The resolution that is obtained with parallel-hole 
collimators (7–15 mm) is insuffi cient for small animal imaging. Therefore, pinhole 
collimators are used for small animal SPECT. Pinhole collimators can magnify an 
object according to the same principle as for a  camera obscura . The magnifi cation 
factor that can be obtained by the pinhole system equals the ratio of the distance 
between the detector and the pinhole and the distance between the subject and the 
pinhole. Pinhole systems with a resolution under 0.5 mm in mice and under 1 mm 
in rats are now commercially available. In pinhole systems, there is a trade-off 
between resolution, sensitivity and fi eld-of-view. To improve the imaging perfor-
mance, dedicated stationary systems with multiple pinholes have been developed 
[ 23 ]. These systems use a large number of small detectors in combination with 
multiple pinhole geometries, which signifi cantly improves the sensitivity of these 
systems. However, the fi eld-of-view that can simultaneously be covered by the mul-
tiple pinhole SPECT systems is very small (about 1 cm 3 ). Consequently, the acqui-
sition of a “whole body scan” can be quite time-consuming. Quantifi cation of 
SPECT data is a major technological challenge, due to limitations of the instrumen-
tation and imaging process [ 24 ]. Attenuation and scatter are dependent on the pho-
ton energy—and thus the isotope—and the subject size. In rodents, attenuation of 
photons by soft tissue can be up to 50 % for  125 I and 25 % for  99m Tc, whereas scatter 
may contribute 10–25 % to the total counts. Attenuation correction can easily be 
performed using an external radiation source or by acquiring a CT scan, followed by 
post-processing of the SPECT images. Methods for scatter correction, however, are 
still under development. Because of the low sensitivity of SPECT, the count rate of 
the system may severely affect the temporal resolution for dynamic imaging. In 
contrast to PET, multiple energy windows can be used in SPECT. This allows simul-
taneous imaging of different tracers with different isotopes, provided that proper 
correction for crosstalk of the different isotopes in other energy windows. 

 At present, various radiolabeled targeted probes are available for PET and 
SPECT imaging of infection and infl ammation. These include antibodies, receptor 
ligands and enzyme substrates. An overview of the available radiotracers will be 
presented in the next section.  

2.5     Hybrid Imaging 

 Each of the imaging modalities mentioned above has advantages and disadvantages. 
In a multi-modular approach, information from complementary imaging modalities 
is combined, so weaknesses of one modality can be compensated for by another 
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modality [ 2 ]. Usually, morphological imaging modality (i.e. CT, MRI) is used in 
combination with a molecular imaging modality (i.e. PET, SPECT, optical) to inte-
grate anatomical and functional information. In this manner the exact location of a 
lesion can be pinpointed. For imaging of infection and infl ammation, however, ana-
tomical image fusion is not always important as it is in oncology and neurology. On 
the other hand, combination of two functional imaging modalities (e.g. optical and 
PET) could also be useful in, for example, translational research. There are basi-
cally two methods to integrate information from different modalities: software 
fusion and integrated hardware. For software integration, the images from different 
modalities should be transformed to align the objects, after which images can be 
fused. This methods, however, is prone to errors, because functional images can 
have too little anatomical information for correct realignment and internal organs 
(especially in the abdomen) can have shifted, when the subject was moved from one 
modality to the other. For small animal imaging, the realignment could be facilitated 
by the use of external fi ducial markers or animal restraining systems. Integrated 
hardware systems do not suffer from these disadvantages. For clinical applications, 
integrated hardware systems like PET/CT and SPECT/CT are now routinely used, 
especially for tumor imaging. For small animal imaging, combined PET/CT and 
SPECT/CT systems and even triple PET/SPECT/CT systems have become avail-
able in the last years as well (Table  22.1 ). For brain and soft tissue imaging hybrid 
PET/MRI systems would be extremely useful. Combining PET or SPECT with 
MRI, however, is a technological challenge, because the photomultipliers that are 
currently used for PET and SPECT detector read-out do not function in the mag-
netic fi eld of the MRI. Consequently, hybrid PET/MRI systems are still in the 
experimental phase of development. Attempts are made to place the photomultipli-
ers outside the magnetic fi eld of the MRI, or to use avalanche photodiodes instead 
of photomultipliers [ 25 ]. Prototype PET/MRI systems have already been built and 
the fi rst results are promising. More detailed information about hybrid imaging sys-
tems can be found elsewhere in this book.   

3     Radiopharmaceuticals 

 Conventionally used radiopharmaceuticals for imaging infections are  99m Tc- albumin  
nanocolloids and radiolabeled leukocytes exploiting respectively the enhanced 
vascular permeability and the infl ux of leukocytes in infl amed tissues. During the 
past two decades various analogues of receptor-binding ligands for receptors 
expressed on leukocyte subsets have been tested for imaging infection and infl am-
mation in small animals and also in humans. Apart from the defensive proteins in 
plasma, a large variety of chemical mediators (e.g. interleukins, chemotactic factors, 
vascular mediators) appears in the affected region that regulate the activity of 
the immune cells in the region. The immune cells involved (granulocytes, mono-
cytes and lymphocytes) have specifi c receptors on their cell surface for these 
chemical mediators. In general, these chemical mediators have a high affi nity 
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(Kd = 10 −8 –10 −10  M) for the receptors on the leukocyte plasma membrane. Their 
high affi nity makes these  mediators suitable vehicles for the scintigraphic visual-
ization of the homing of leukocytes in infectious and infl ammatory foci [ 25 ]. 
Main radiopharmaceuticals for imaging infl ammation/infection are summarized in 
Table  22.2 .

3.1       Monoclonal Antibodies and Their Fab’ Fragments 

 An antibody monomer has a Y-shaped structure with a molecular weight of approxi-
mately 150,000 Da, and the structure is composed of two identical light and heavy 
chains, which could be murine, chimeric, humanised and fully human. Monoclonal 
antibodies (mAbs) specifi cally bind to their target that could be adhesion molecules, 
activation markers, antigens or receptors. Several monoclonal antibodies and their 
Fab’ fragments including anti-TNF-α, anti-CD25, anti-CD20, anti-DR, anti-CD3, 
anti-CD4, anti-MIF, anti-granulocyte and anti-E-selectin antibody, radiolabeled 
mainly with  99m Tc,  111 In or  125 I, are used for the imaging of infl ammation/infection 
lesions. Scintigraphic studies with these radiolabeled mAbs offer an exciting pos-
sibility for the detection of their specifi c targets in different infl ammatory disease 
animal models; moreover, a positive scintigraphic image shows the presence of their 
target molecules in the infl ammatory lesion. This technique allows whole body 
imaging and detects infl ammation in an early stage of disease that might be diffi cult 
to assess clinically or by means of radiography. These monoclonal antibodies target 
pro-infl ammatory cytokines (e.g. TNF-α, IL-1 and IL-6) and membrane bound 
receptors (e.g. CD3 and CD4). The use of antibodies against surface granulocyte or 
lymphocyte antigens may improve the ability to detect infl ammatory processes 
compared to the use of radiolabeled autologous leukocytes, because of their higher 
specifi city. The commercially available  99m Tc-labeled mAbs are the BW250/183 
(Antigranulocyte ® ), an IgG1 recognizing the nonspecifi c cross- reacting antigen 95 
(NCA-95) expressed on human granulocytes, pro-myelocytes and myelocytes, the 
Fab’ fragment IMMU-MN3 (Leukoscan ® ), and the SSEA-1, an anti-CD15 IgM 
(LeuTech ® ) with high affi nity binding. Moreover, radiolabeled mAbs are always 
injected in a tracer (non-pharmacological) dose for scintigraphic imaging purpose 
which rarely induce any clinical or side-effects in the subject.  

3.2     Peptides, Cytokines, Chemokines, Interferons 
and Growth Factors 

 Studies of peptides/receptor systems are providing a novel means by which, one can 
characterize cellular structures and tissues. Peptides are small, low molecular weight 
proteins (usually less than 10,000 kDa, and less than 100 amino acids). Different 
radioisotopes are currently used for peptide labeling. Among these, iodine isotopes 
( 123 I and  131 I),  111 In and  99m Tc are most frequently used.  99m Tc is the most popular 
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isotope for nuclear medicine studies, due to its favorable physical and dosimetric 
features, wide availability and relatively low cost. Although, radiolabeling with 
transitional metals, like 99mTc, can be rather cumbersome and quite complex; espe-
cially for small peptides, direct labeling can be unstable and non-specifi c, and for 
these reasons peptide labeling with  99m Tc is usually performed using a bifunctional 
chelating agent. Compared with larger molecules, like proteins and mAbs, peptides 
are rapidly taken up and retained in target tissues, in accordance with the usually 
rapid plasma clearance due to the renal excretion. Major peptide features include 
(i) rapid pharmacokinetics, (ii) possibility of modifi cation in the excretion route, 
(iii) biologically active, (iv) usually not immunogenic, and (v) high receptor binding 
affi nity. For both monoclonal antibodies and small peptides, the choice of radioiso-
tope and radiolabeling method can play a major role in the overall in vivo distribu-
tion and in the target to non-target ratios achieved. 

 A cationic human antimicrobial peptide fragment, ubiquicidin 29-41 (MW 
1.69 kDa) with the aminoacid sequence Thr-Gly-Arg-Ala-Lys-Arg-Arg-Met-Gln- 
Tyr-Asn-Arg-Arg, and 6 positively charged residues (5 Arg + 1 Lys) was labeled 
with 99mTc. In animal studies 99mTc-UBI showed rapid visualization of infections 
with gram-positive and gram-negative bacteria but little accumulation was found in 
sterile infl ammation processes. A very recent study described the quantitative 
uptake of  99m Tc-UBI 29-41 in rabbits with  S. aureus  infections during treatment 
with ciprofl oxacin. The results showed that the uptake of the radiotracer was signifi -
cantly decreased after treatment and was proportional to the number of bacteria 
suggesting that the tracer might be used for monitoring the effi cacy and duration of 
treatment [ 82 ]. 

 Cytokines are proteins and glycoproteins members of a family of overlapping 
and interdependent molecules with important roles in the homeostatic control of the 
immune system and other organs, in physiology and pathology. Most cytokines are 
between 15 and 25 kDa and they are often similar in size, charge and glycosylation. 
The major sources of cytokines are T cells and macrophages but their production 
varies depending on the individual cytokine; IL-2 is produced mainly by activated T 
cells whereas IL-1 can be produced by macrophages, endothelial cells, large granu-
lar lymphocytes, T and B cells, fi broblasts, epithelial cells, astrocytes, keratinocytes 
and osteoblasts. Cytokines act via the interaction with specifi c cell surface receptors 
expressed on a known cell population; cytokine receptors, usually of high affi nity, 
are generally expressed at low levels on resting cells but their expression can be up-
regulated during activation. Many cytokines have good characteristics as radiophar-
maceuticals and they are characterised by (i) small molecular weight as compared 
to other radiopharmaceuticals, (ii) rapid half life and plasma clearance, (iii) high-
affi nity binding to specifi c receptors, (iv) ready availability by DNA recombinant 
technique, and (v) human recombinant origin and lack of immunogenicity. 

 Several groups, pioneered by Signore et al. [ 44 ,  83 ], have radiolabeled IL2 with 
123I or 99mTc to target T lymphocytes and monocytes in chronic, mononuclear cell-
mediated infl ammatory processes such as autoimmune diseases, kidney graft rejec-
tion and melanoma characterized by over-expression of CD25 (IL2 receptors). 
Clinical studies have demonstrated the effi cacy of using scintigraphy to detect 
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radiolabeled IL2 specifi cally targeted to activated  lymphocytes, which correlates 
with the severity of tissue lymphocytic infi ltration and can be used to monitor the 
effi cacy of therapies. In animal models, 125I labeled IL12p40, a peptide derived from 
IL12, a Th1-specifi c cytokine, has shown specifi c binding to tissue-infi ltrating 
lymphocytes. Radiolabeled IL1 and IL1 receptor antagonist (IL1ra) have also been 
extensively studied in animal models of acute infl ammation, where they have shown 
specifi c binding to granulocytes, and in humans in rheumatoid arthritis. 

 Other cytokines have also been used for the detection of specifi c receptors in 
several pathologies.  125 I-labeled tumor growth factor beta (TGF-β) has been used for 
the study of angiogenesis and radiolabeled epidermal growth factor (EGF) has been 
used for the study of metastatic lymph nodes, for imaging breast cancer and for the 
study of skin wounds. Most radiolabeled cytokines have been used for the study of 
infl ammatory diseases, e.g. 99mTc-labeled monocyte chemotactic peptide-1 (MCP- 1) 
for specifi c imaging of macrophages in animal models of subacute infl ammatory 
diseases, IL6 for targeting of acute infl ammation and  123 I-interferon-gamma for 
investigation of lung disease. 

 Chemokine receptor ligands have also been labeled for in vivo imaging of infl am-
matory sites. Studies have extensively investigated IL8 in the preclinical setting. IL8 
is a member of the CXC family of chemokines that binds with high affi nity to the 
type I and II CXC receptors abundantly expressed on neutrophils and monocytes. 
Radiolabeled IL8 reveals high and specifi c accumulation at the focus of acute infec-
tion within a few hours after injection both in animals and in humans.  

3.3     Antibiotics 

 Imaging agents that target cell receptors expressed on the cells infi ltrating infl amed 
tissue, which are recruited during the infl ammatory response, and accumulate in the 
focus due to a common feature of infection and infl ammation, cannot be used to 
differentiate between infection and infl ammation. Agents that specifi cally target the 
infectious organisms (e.g. bacteria, fungi or viruses) have the potential to distin-
guish microbial from non-microbial infl ammation. During the last decade a few 
agents have been presented, that aim to specifi cally visualize infectious foci by 
targeting the infectious organisms. In search for an infection diagnosis agent, anti-
biotic radiolabeling was fi rst introduced by Solanki et al. in early 1990s. Ideally, the 
radiolabeled antibiotic should be metabolised and specifi cally incorporated by the 
micro organisms present in the infection, so that accumulation of radioactivity is 
directly proportional to the number of micro organisms present in the infection. 
Several antibiotics have been radiolabeled so far, such as ciprofl oxacin, sparfl oxa-
cin, enrofl oxacin, levofl oxacin, norfl oxacin and ofl oxacin, and most of them of these 
are members of quinolones class. Although radiolabeled antibiotics opened a new 
and promising door in the search of an infection specifi c imaging agent, published 
results are controversial and, still more studies are required to understand the 
effi cacy of this radiopharmaceutical in differentiating infection foci from sterile 
infl ammation [ 45 ].  
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3.4     Other Radiopharmaceuticals 

3.4.1     Human Polyclonal Immunoglobulin (HIG) 

 Human polyclonal immunoglobulin is a non-antigen specifi c IgG antibody that can 
be labeled with  99m Tc or  111 In and has been proposed for the detection of acute and 
subacute infl ammation/infections; since HIGs are of human origin, they do not 
produce allergic reactions. Furthermore, they are commercially available as kits. 
The use of  111 In involves a few disadvantages: it causes a relatively high radiation 
burden, its gamma radiation is sub-optimal for in vivo imaging, it is not always 
easily available and expensive.  99m Tc is a more attractive alternative due to its short 
half- life, availability and lower cost. The mechanisms of HIG uptake in infl amed 
tissues are not yet fully known. Among various hypotheses, the increase of vascular 
permeability seems to be the main mechanism of their accumulation [ 72 ,  73 ]. 
Nevertheless, further binding mechanisms such as to the Fc receptor expressed by 
infi ltrating cells, to the extracellular matrix proteins and to bacteria have been 
described. HIGs have proven to be very useful in lung infl ammation imaging, for 
the detection of joint and bone infl ammations and infections, and the study of fever 
of unknown origin.  

3.4.2     Fluorodeoxyglucose (FDG) 

 The FDG (2′-deoxy-2′-fl uro-D-glucose) accumulation in activated lymphocytes, 
monocytes and granulocytes is based on the fact that these cells use glucose as an 
energy source only after activation during the metabolic burst. Transport of FDG 
across the cellular membrane is mediated by glucose transporter protein.  18 F is a 
positron emitter with a physical half-life of 1 h and 50 min. Intracellular FDG is 
subsequently phosphorylated to  18 F-FDG-6 phosphate by hexokinase enzyme and 
phosphorylated molecule remains trapped inside the cell in contrast to phosphory-
lated glucose that enters the glycolysis cycle. However,  18 F-FDG is an unspecifi c 
tracer for imaging infl ammation/infection and can show uptake in any kind of cell 
with high glycolytic activity and may provide a false-positive result. Several recent 
studies with  18 F-FDG PET ( 18 F- fl uorodeoxyglucose positron emission tomography) 
demonstrated very promising results for imaging in different infl ammation/infec-
tion, although it is quite expensive [ 74 ].  

3.4.3      67 Ga-Citrate 

  67 Ga-citrate was discovered in 1971, for imaging infection and infl ammation. 
 67 Ga-citrate binds in ionic form to circulating transferrin as an analogue of iron. It 
uses transferrin receptors (CD71) to access the cell and then becomes highly stable 
within the cells. During acute infl ammation condition,  67 Ga-citrate extravasates at 
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the site of infl ammation due to the locally enhanced vascular permeability, where it 
binds with high affi nity to lactoferrin excreted by leukocyte or to siderophores, pro-
duced by micro organisms grown in a low-iron environment [ 75 ]. Approximately, 
25 % of the total injected dose is excreted through urinary system and rest is retained 
in the bone, bone marrow, liver and soft tissues. However, the radiopharmaceutical 
has long physical half-life (78 h) and high energy gamma radiation, which are unfa-
vorable characteristics for scintigraphic imaging and cause high radiation absorbed 
dose. The use of this radiopharmaceutical is mainly involved the study of chronic 
osteomyelitis, lung infection and fever of unknown origin (FUO).  

3.4.4     Autologous Human Leukocytes 

 Radiolabeled leukocytes are considered as a ‘gold standard’ for the imaging 
infl ammation techniques in nuclear medicine. These autologous leukocytes are 
characterized by high specifi city, because they only accumulate as a consequence 
of active migration into infl amed joints. After intravenous injection, the radionu-
clide shows a rapid clearance of activity from normal lungs and blood-pool, 
because of the high uptake in neutrophilic infi ltrates [ 76 ]. Radiolabeled leukocytes 
fi rst adhere to vascular endothelium and then migrate towards the infl ammatory 
focus through endothelium and basal membrane. Thus, these radiopharmaceuticals 
are specifi c indicator for leukocytic infi ltration, but not for bacterial contamina-
tion. There is no kidney, bladder or bowel excretion showed by  111 In-leukocytes, so 
the whole abdomen is an excellent fi eld for localization of infectious or infl amma-
tory disease. In contrast,  99m Tc-HMPAO is released from the leukocytes within few 
minutes after administration and excreted by kidneys up to 7 % of the injected dose 
per hour. However, 111In-oxine has a long half-life of 67 h and radiation energy of 
173 and 247 keV that gives an extra radiation burden, whereas  99m Tc has short half-
life of 6 h and ideal γ-radiation energy of 140 keV. Leukocytes must be separated 
from other blood cells before labeling, otherwise  111 In/ 99m Tc being lipophilic, label 
every cell type indiscriminately.  

3.4.5     Albumin Nanocolloids 

 As the name indicates these are albumin derived small particles of 30–80 nm diam-
eters. Non-specifi c extravasation due to increased vascular permeability cause the 
leakage of  99m Tc-nanocolloids into infl amed tissue followed by accumulation 
through the phagocytosis by macrophages in the reticulo-endothelial system [ 77 ]. 
These are characterized by rapid blood clearance and satisfactory target to back-
ground ratio early after the administration which allows completion of study usually 
within 1 h. This technique is easy to perform and inexpensive.  
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3.4.6     JOO1X 

 J001X is a non-pyrogenic acylated polygalactoside, purifi ed from the from the 
membrane proteoglycans of a non-pathogenic strain of  Klebsiella pneumoniae . It 
selectively binds to CD11b, complement receptor 3 expressed on monocytes, NK 
cells and macrophages, as well as to CD14, the lipopolysaccharide receptor 
expressed on macrophages and monocytes. It preferably binds to macrophages, 
mainly in their activated state. In principle,  99m Tc-J001X could image infl ammatory 
foci because these are also characterised by the recruitment of macrophages. 
Radiolabeled J001X has been used in several experimental animal studies including 
alveolitis and infl ammatory lymph nodes in chronic berylliosis in baboons, infl am-
matory lesions in pigs and rabbit arthritis model [ 78 ].  

3.4.7     Octreotide 

 The somatostatin analogue  111 In-labeled octreotide (Octreoscan ® ) was offi cially 
introduced in 1994, and its use to visualize various somatostatin receptor-positive 
tumours and tissues is widely accepted. Somatostatin receptors are expressed on 
normal and activated lymphocytes and macrophages. A study was performed with 
 111 In-octreotide in patients with sarcoidosis, aspergillosis, tuberculosis and 
Wegener’s granulomatosis [ 79 ]. Whole body images were acquired after adminis-
tration of  111 In-octreotide. In this study, granuloma localizations were clearly visu-
alized in all patients studied. Binding of  111 In-octreotide at sites of granulomatous 
infl ammation was also verifi ed by in vitro autoradiography. In contrast to the poten-
tial of octreotide in the detection of chronic infl ammation, studies in animal models 
of  Staphylococcus aureus  induced foci in rats revealed that  111 In-octreotide is not 
suitable for the detection of experimental abscesses, as lower accumulation than 
control  111 In-HIG was noted with no retention with time.  

3.4.8     Liposomes 

 Liposomes are microscopic lipid vescicles that are usually used as carriers for drugs 
to increase their solubility and to achieve selective deposition or to reduce toxicity. 
These are rapidly taken by the reticuloendothelial (RES) cells. Liposomes are radio-
labeled with  99m Tc and have been used for the detection of infection and infl amma-
tion [ 80 ,  81 ]. Sterically stabilized liposomes have been formulated; they show 
decreased uptake by the RES, a longer half-life and enhanced localization in tumors 
and site of infection. Several studies with  111 In or  99m Tc labeled liposome in different 
small animal models demonstrated its ability for the scintigraphic detection of 
infection and infl ammation, such as focal infection in rats and experimental colitis 
in rabbits.  
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3.4.9     Avidin-Biotin 

 Avidins are family of proteins present in the eggs of amphibians, reptiles, and  avians; 
streptavidin, produced by  Streptomyces avinii , is also part of the same family. Both 
avidin and streptavidin (MW 64-60 kDa) have four sites for the binding of biotin with 
very high affi nity (K d  = 10 15 ). Biotin, also known as vitamin H, is a compound of low 
molecular weight that can be radiolabeled with variety of different radiometals. The 
avidin-biotin system has been used for the in vivo labeling of monoclonal antibodies 
for the radioimmunodiagnosis of tumors. Radiolabeled biotin readily accumulates in 
the infl amed tissue where it binds irreversibly to streptavidin, whereas non-bound 
biotin is rapidly cleared through the kidneys with minimal accumulation in normal 
tissues [ 84 ,  85 ]. However, they are of heterologous origin and can cause immune 
responses, but there is no evidence to date that avidin or streptavidin are toxic. 

 The use of avidin-biotin system has been studied in animal model of acute infec-
tion where it accumulated in the infected focus more than  111 In-HIG. The major 
advantages of this approach are increased concentration of the radiotracer at the 
target tissue, a good target to background ratio and early acquisition of images.    

4     Animal Models 

 In the development process of any new radiopharmaceutical, the in vivo testing is an 
important and unavoidable step, since it represents the link between in vitro speci-
fi city tests and clinical evaluation. Performing an evaluation at an early stage of the 
candidate tracer in an animal model would give useful information regarding its 
biodistribution, toxicity, route and extent of excretion, interaction with the host and 
micro-organisms and of course its in vivo specifi city. Moreover the animal data are 
placed as a prerequisite by the guidelines for the clinical evaluation of a new radio-
pharmaceutical together with the reliability of the model. It is important to under-
line that the more the model can mimic a human pathology the more it is possible to 
use the obtained data as a starting point for the subsequent human studies, even if 
their predictive value could be low due to different factors, e.g. receptors variability, 
kinetic and biodistribution of the tracer in different species, etc. So, on the way that 
leads a radiopharmaceutical to be developed the choice of the best model is a crucial 
point in order to obtain reliable results that justify, or not, the passage at the clinical 
stage. This choice is not always an easy task, since the models of infection and 
infl ammation are many and present different advantages and drawbacks, like in the 
case of the thigh muscle model, which is one of the most common for imaging 
infection and a convenient screening tool, but that present a very artifi cial condition 
which is nearly impossible to verify in humans. On the basis of these fi ndings, the 
nature and course of the pathology should be kept in mind by the investigator in 
order to choose and design the appropriate model, and it is worthy to mention that 
there is not a perfect model and depending on the aim of the study variations can be 
introduced in the chosen one. Here we report a few examples of some models for 
infection and infl ammation which can be used for imaging studies. 
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4.1     Thigh Muscle Model 

 The thigh muscle model is widely used to assess the in vivo specifi city of 
 radiopharmaceuticals to bacteria and provide a simple and versatile screening tool. 
It was born as a model for pharmacokinetic experiments in 1940 [ 86 ], but it is suit-
able for imaging infection like many other models that were born for different 
purposes. It is based on the induction of an abscess in the thigh or calf muscle of the 
animal. The infection can be performed under anaesthesia through the injection of 
a 1:1 solution of autologous blood and saline with the micro-organism of interest in 
the growing phase. The evaluation of the infection can be performed 24 h after the 
infection by palpation, since local swelling should be evident, or alternatively by 
aspiration of a fl uid sample from the muscle, that can be put in culture into agar 
plates. As a supplementary test, the grown colonies can be fi xed on a slide, stained 
and then observed at the microscope for the identifi cation of the strain. The sterile 
control can be performed with the injection of saline, while the sterile infl ammation 
can be performed with the injection of heat killed bacteria or alternatively zymosan, 
which cause infi ltration of granulocytes, and turpentine oil, which cause increased 
hyperaemia. The animal can be infected with many of the common used micro-
organisms such as  Staphylococcus aureus, Streptococcus pneumoniae, Haemophilus 
infl uenzae, Escherichia coli, Klebsiella pneumoniae, Pseudomonas aeruginosa and 
Candida albicans . This model of infection is one of the most common, easy and fast 
to reproduce in different species such as mice, rats and rabbits with many advan-
tages. It is not needed neither a surgical procedure nor specialized housing or care 
of the animals. The model is reproducible with low variability and if performed in 
mice the costs would be highly reduced. Anyway the cons of the model consist in 
the too rapid infection, generated by the injection of a consistent amount of CFU, 
which is not such a ‘natural’ condition, with the exception of pyomyositis which is 
a very rare infection [ 87 ].  

4.2     Endocarditis Model 

 Infective endocarditis is a diagnostic and therapeutic challenge characterized by a 
particular interaction between the pathogen and the host tissue which may lead, 
through the formation of a septic thrombus to injury of both underlying valvular and 
cardiac tissue and a septic state caused by the spread of the micro-organism due to 
the thrombus degradation. One of the developed model is based on the induction of 
an aortic valve thrombotic vegetation by the insertion of a polyethylene catheter into 
the left ventricle through the right carotid artery under anesthesia (intramuscular 
injection with ketamine hydrochloride 15 mg/kg). In detail keeping the animal in a 
dorsal position, an incision should be done along the right side of the trachea, expos-
ing the carotid artery to permit a ligature with a silk suture. In order to mark the 
portion of artery where the catheter will be introduced via a guide-wire, upstream of 
the ligature should be placed a clamp on which the catheter can be fi xed after 
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removing the guide. After removing the clamp, the catheter can be introduced fur-
ther until there is some resistance, which it means that the tip is some millimetres 
far from the semilunar cusps of the aortic valves [ 88 ]; alternatively to check the 
position of the catheter, a manometer can be connected to it [ 89 ]. The end of the 
catheter remaining outside the vessel can be folded and the incision closed with silk, 
keeping the catheter in situ until the end of the experiment. This procedure is neces-
sary to obtain valvular lesions with the formation of aseptic vegetations typical of 
nonbacterial thrombotic endocarditis, triggered by the deposition of platelets and 
fi brin on the damaged areas. After 24 h from the surgery the micro-organism of 
interest can be inoculated through the i.v. injection of bacteria that will interact with 
the platelets forming septic vegetations. There are other variants of this model in 
which the bacteria are inoculated directly through the catheter which can be also 
removed after the surgery, but this situation is much less comparable to the clinical 
one in human. The infection can be monitored counting the colony forming units 
(CFU) of bacteria per gram of vegetations, but usually the animals will suffer of the 
classic symptoms of endocarditis corresponding to the human ones such as fever, 
anemia, positive blood cultures, peripheral emboli and secondary septic localiza-
tions. The model can be used either in rabbits or rats; the former present larger 
vegetations and is more expensive, whereas the latter are easier to handle and 
cheaper. The developed endocarditis is very close to the infective one in human, 
with the limit imposed by the differences between the species. The pathophysiology 
of the damage caused by the catheter differs from the events that predispose humans 
to endocarditis, with the exception of the one associated with prosthetic valve infec-
tions. Finally, the bacteremia produced in the animals is much higher and character-
ized by a single strain, whereas the one that leads to endocarditis in humans is more 
often heterogeneous and with possible different septic vegetations.  

4.3     Tissue Cage Fluid Model 

 In pharmacokinetic studies, the tissue cage model is one of the best to reproduce the 
characteristics of human device-associated implants. In this model a perforated cyl-
inder of tefl on is implanted subcutaneously and then a bacteria inoculum is injected 
directly inside the cage. The surgery is quite simple, under anesthesia, it is only 
needed to make an incision in the skin and dissect the subcutaneous epifascial space 
in which the cage can fi nally be implanted and the lesion closed with metal clips. 
The interstitial fl uid will start to accumulate inside the cage the week following the 
surgery and can be aspirated for sterility controls. Also granulocytes will colonize 
the cage, but they showed a limited phagocytic activities and a lower oxidative 
metabolism, maybe due to the continue exposure to the inert surface of the cage. 
Histologically, a richly vascularized granulation tissue is present, containing lym-
phocytes, fi broblasts and collagen fi bers. At this point the bacteria can be injected 
and they will colonized the space inside the cage. Even if this model was born for 
different purposes it is a promising tool for radiopharmaceutical screening since it 
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presents a lot of advantages. As mentioned above, the main one is that it closely 
resembles a human infection; it is cheap and easy to develop. Different species can 
be used such as mice, rats, rabbits and guinea pigs and they do not need any special-
ized housing or care. Anyway it has his own pitfalls, since most devices fulfi ll 
mechanical functions and they are not subcutaneous but in the blood stream, near 
bones or in brain tissue.  

4.4     Infl ammatory Bowel Disease Models 

 Infl ammatory bowel disease (IBD) is a group of infl ammatory conditions that may 
affect the whole gastrointestinal tract and the most representatives types of the dis-
ease are Crohn’s disease (CD) and ulcerative colitis (UC). 

4.4.1     Ulcerative Colitis 

 Acute colitis can be easily induced by an intracolonic administration of 50 % ethanol 
containing trinitrobenzene sulfonic acid (TNBS). The mice should be anesthetized so 
that a cannula or a catheter can be inserted rectally to deliver the solution into the 
lumen. The cannula can be removed after some seconds and the animal will develop 
an acute colitis in 24–48 h post administration [ 90 ,  91 ]. The controls can be obtained 
with the administration of saline or 50 % ethanol. Histologically, multiple areas of 
mucosal necrosis (ulceration) can be observed at the site of instillation and the part of 
the colon between the instillation site and rectum. The submucosa becomes edema-
tous and massive transmural granulocytic infi ltration is present [ 92 ]. Alternatively, 
chronic colitis can be induced in mice adding a 5 % solution (wt/vol) of dextran sul-
fate sodium (DSS) to the drinking water for 5 days, then the solution can be replaced 
with normal water for 11 days. In a fi rst moment the animals will develop an acute 
colitis with the classic symptoms represented by body weight and lose fecal consis-
tency. In a second moment the acute colitis will turn into a chronic one and the symp-
toms will be attenuated. The ex vivo assessment of the infl ammatory markers can 
confi rm an ongoing local and systemic infl ammatory response. The DSS damages the 
colonic epithelium and ulceration, mucosal damage, production of cytokines and 
other infl ammatory mediators, and leukocyte infi ltration will occur, resembling the 
human disease [ 93 ]. Even if the symptoms are similar, the mechanisms is very differ-
ent and in the DSS model still not well known [ 94 ], so the investigator should keep it 
in mind when analyzing the data from the studies. The reproducibility of these models 
is good, but in the same group of animals a high degree of variation can be observed, 
depending on the variability of the animal response to the infl ammatory stimuli [ 95 ]. 
Regarding the former model, the developed colitis is a very bad condition for the 
animals with high risk of peritonitis, which can be avoided with fasting. Anyway 
these models provide a valid tool to study many important aspects of the disease, even 
if they do not represent the complexity of the human condition.  
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4.4.2     Crohn’s Disease 

 The SAMP1/Yit mouse is a model of intestinal infl ammation which resembles the 
characteristic of CD developing a spontaneous and chronic ileitis without any chem-
ical, immunologic, or genetic manipulations and described by Kosiewicz et al. [ 96 ]. 
Like in Crohn’s disease, the T cells in the mouse lesions produce IFN-γ and the 
disease can be transferred through these cells to normal recipient mice. In 20 weeks 
of age the mice will develop spontaneous ileitis with a penetrance of the 100 % and 
a progression of severity over time and characterized by discontinuous infl ammation 
containing granulomata is present mainly in the small intestine. Other typical symp-
toms of CD such as alterations in intestinal mucosal architecture, thickening of the 
bowel wall, and phenotypic alterations of the intestinal epithelial cell population in 
infl amed areas are present. Finally, in recipient mice the disease can largely be pre-
vented by administering anti-TNF-α delimitating a signifi cant parallel with human 
Crohn’s disease, which makes the model much more reliable than the others.   

4.5     Atherosclerosis Models 

 A common hypercholesterolemic model of atherosclerosis is easily obtained in rab-
bits feeding them with a cholesterol enriched diet for 8 weeks. The cholesterol lev-
els can be monitored through blood analysis whereas lesions of the aortic valve with 
infi ltration of extracellular lipid deposits and myofi broblast cells can be observed 
with light microscopy and immunostaining. A wide used model is the apolipopro-
tein E-defi cient mouse (ApoE − / − ), that develops spontaneously fatty streaks (accu-
mulation of macrophages) throughout the vasculature by 3 months of age and 
coronary artery occlusion within the fi rst year of life. The rate of atherosclerosis can 
be enhanced by feeding them with a high-fat diet. It represents an early optimal 
model of rapidly advancing atherosclerosis with a limitation that consists in the dif-
fi cult follow-up of the progression or regression of atherosclerosis in vivo, which it 
makes necessary to sacrifi ce the animals at different time points. Regarding this 
topic, the development of MRI techniques represents a promising tool that can pro-
vide a non-invasive monitoring of atherosclerotic lesions degree [ 97 ]. The 
LDLr − / − ApoB 100 / 100  mice is another model predisponed to develop on a chow diet, a 
calcifi c aortic valve stenosis, a pathology that shares common features and risk fac-
tors with atherosclerosis and reveals parallels such as lipid deposition, infl amma-
tion, cellular reaction and matrix remodelling [ 98 ]. If the animals are kept on a high 
cholesterol diet, they develop a severe hyperlipidemia and steatohepatitis, which 
reduce their viability. The model develops moderate hypercholesterolemia with a 
level of cholesterol in serum of 271 mg/dL and a consequent reduction of the sys-
tolic aortic valve orifi ce diameter by 50 %. These two genetically engineered mouse 
models have a lot in common with the syndrome in human, obesity included and 
have been studied extensively, so that they can be considered a fi rst choice when 
planning an animal study on atherosclerosis.  
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4.6     Animal Models with Induced Infl ammation 

 For the study of infl ammatory processes a delayed- type hypersensitivity reaction 
(DTHR), which are involved in several common autoimmune disorders in humans, 
can be induced in mice sensitizing the abdominal skin with a hapten provoking 
contact hypersensitivity reactions (CHSRs). It is needed the application of 5 % 
2,4,6-trinitrochlorobenzene (TNCB), dissolved in a mixture of acetone and olive 
oil. After 1 week, an acute TNCB-specifi c CHSR can be elicited by challenging the 
mice on both sides of one ear with 1 % TNCB, dissolved again in a mixture of 
acetone and olive oil. The application of TNCB should be repeated every 48 h, up 
to 13 times, to induce chronic skin infl ammation. The assessment of the degree of 
infl ammation can be performed after the elicitation of CHSR at an ear, through 
measurement of ear thickness before the fi rst TNCB challenge and 12 h after every 
subsequent ear challenge [ 99 ]. Histologically, the presence of typical changes 
found in acute infl ammatory responses, such as a dense dermal infi ltration of poly-
morphonuclear leukocytes and lymphocytes, as well as the formation of subepi-
dermal abscesses can be confi rmed by examination of ear tissue, hematoxylin- and 
eosinstained, 12 h after the fi rst TNCB challenge. Chronic TNCB-specifi c infl am-
mation should present symptoms acanthosis and hyperkeratosis. In general infl am-
matory processes possess a high degree of vascularization that can cause an 
unspecifi c uptake of radiopharmaceuticals in scintigraphic tests, so it is needed to 
fi nd expedients to avoid this situation, e.g. assessing the specifi city of the tracer with 
competition tests.  

4.7     Rheumatoid Arthritis (RA) Model 

 The collagen-induced arthritis model is the best known induced model. It is repro-
ducible in susceptible strains such as DBA/1, B10.Q and B10.RIII by immunization 
with type II collagen (CII) in complete Freund’s adjuvant. Since the immunity of B 
and T cells against the autologous CII is required, the injected one should be obvi-
ously from a different source like bovine or porcine and should be as much purifi ed 
as possible in order to avoid false positives or less arthritogenic events. As men-
tioned above the model is very well known, reproducible and resembles in many 
aspects the human disease. Alternatively a hybrid animal/human system has been 
developed implanting human cartilage biopsies subcutaneously in severe combined 
immunodefi ciency (SCID) mice. Afterwards human fi broblasts can be isolated from 
rheumatoid synovium and injected in the bloodstream with the consequent invasion 
of the implanted cartilage that is not dependent on B and T cells stimulation. 
Whereas the former gives an overview of the main events that occur in the human 
disease, the latter remarks the role of the fi broblasts in long-lasting RA, which is 
damaging even in the absence of infl ammatory stimuli. It is important to underline 
this concept, since the model is much more suitable for studies that target the 
cellular components of arthritis.   
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5     Small-Animal Imaging in Infl ammation and Infection 

5.1     Single Photon Emission Computed Tomography (SPECT) 

 Number of studies has been performed in different infl ammation and/or infection 
animal models by SPECT using different radiopharmaceuticals. These studies are 
mainly concerned with the evaluation of new radiopharmaceuticals in small animal 
models for their specifi city and sensitivity. Some examples are discussed below. 

5.1.1     SPECT for Infl ammation Imaging 

   Mice Model of TNBS Induced Colitis 

 A study was undertaken to evaluate a scintigraphic technique, to assess lymphocyte 
traffi cking in a trinitrobenzene sulfonic acid (TNBS) induced Balb/c mouse model 
of colitis [ 100 ]. Colitis was induced by rectal administration of 0.5–2 mg TNBS 
dissolved in 40 % ethanol, using a vinyl catheter that is positioned 3 cm from the 
anus. Control mice undergo identical procedures, but are instilled with saline (NaCl 
0.9 %). Murine splenocytes were radiolabeled in vitro with  111 In-oxine and injected 
into either TNBS colitis or control mice. Specifi c radioactive uptake, representing 
transferred cells, was determined by serial dedicated animal planar scintigraphy and 
pinhole SPECT of the abdomen 4, 24 and 48 h post injection of  111 In-oxine lympho-
cytes (Fig.  22.1 ).

   The highest visible uptake was detected in colitis mice injected with sensitized 
lymphocytes. Planar pinhole scintigraphy performed on cleaned colon resection 
specimen showed clear uptake in colitis mice injected with sensitized lymphocytes, 
and no or minimal uptake in control groups. There was a signifi cant higher mean 
visual uptake (p < 0.01) on transverse SPECT slices in TNBS colitis recipient mice 
injected with sensitized lymphocytes as compared with control groups. There was a 
signifi cant higher uptake ratio (p < 0.01) of sensitized (TNBS) lymphocytes in 
TNBS colitis recipient mice as compared with control groups. Histological scoring 
confi rmed the presence of colitis in the TNBS treated groups. 

 This study concluded that the homing of TNBS-sensitized lymphocytes can be 
assessed in vivo by an animal pinhole SPECT modality.  

   Rodent Model of Occlusion/Reperfusion Injury 

 In a recent study,  99m Tc-HYNIC-annexin V small animal SPECT radionuclide imag-
ing was used to follow the response of neuroprotective therapy with monoclonal 
antibody raised against FasL in a rodent model of transient left middle cerebral 
artery (MCA) intraluminal thread occlusion [ 101 ]. 
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 For animal model, in Sprague-Dawley rats a cervical midline incision was then 
made and the left carotid artery and branches isolated. The common carotid, exter-
nal carotid, and pterygopalatine arteries were identifi ed and ligated. An uncoated 
30-mm-long segment of 3-0 nylon monofi lament suture was inserted into the inter-
nal carotid artery and advanced under direct visualization so that it was placed 
approximately 19–20 mm from the bifurcation in order to occlude the ostium of the 
MCA. The occluding suture was kept in place for 120 min. Animals were then 
allowed to recover and underwent imaging at either 24 h or 6 days after the 

  Fig. 22.1    Transverse pinhole SPECT slices of the pelvic region of group ( a ) (NaCl donor/NaCl 
recipient), ( b ) (TNBS donor/NaCl recipient), ( c ) (NaCl donor/TNBS recipient) and ( d ) (TNBS 
donor/TNBS recipient) 4, 24 and 48 h p.i. The mouse body contour is outlined and, abdomen ( Ab ) 
and limbs ( L ) are also identifi ed, on the 4 h image ( d ). On the  right  panel, planar pinhole scintig-
raphy of corresponding colon resection specimen has been shown. Specifi c colon uptake is 
observed and verifi ed by a positive resection specimen, in group ( d ). (Reproduced from Bennink 
et al. [ 100 ])       
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initiation of MCA, then euthanized at 1 or 7 days. Human recombinant annexin V 
was radiolabeled with  99m Tc, with 92–97 % radiochemical purity and 100–200 μCi/
μg specifi c activity. Animals received 185–370 MBq of  99m Tc-HYNIC-annexin V, 
1 h prior to the start of imaging via penile injection. SPECT images were recorded 
with a 1-mm aperture pinhole collimator into a 64 × 64 imaging matrix for the pro-
jection data (and 643 for the reconstructed data), 30 s per step, 3° per step, for a 
360° rotation. 

 On day 6, antibody-treated rats (n = 5) demonstrated a strikingly lower intrale-
sional uptake of annexin V compared with controls (n = 8) as shown in Fig.  22.2 . 
Region of interest (ROI) analysis of the image data confi rmed that the total intrale-
sional activity within each cerebral hemisphere was signifi cantly lower in treated 
animals than in controls. At 24 h, antibody-treated animals (n = 3) demonstrated 
signifi cantly decreased intralesional uptake of annexin V in both the left and the 
right cerebral hemisphere, by 92 % and 75 %, respectively, compared with controls 
(n = 3). The uptake of annexin V in the midbrain and posterior fossa was also signifi -
cantly decreased in the 24-h treatment group as compared with controls.

   The study demonstrated that  99m Tc-labeled annexin V small animal SPECT 
radionuclide imaging can detect the early phases of neuronal ischemic injury, and 
also monitor the effects of anti-FasL antibody therapy in a rodent model of focal 
ischemic cerebral injury.  

  Fig. 22.2    Small animal SPECT images obtained 6 days after left MCA occlusion/reperfusion 
injury, show multiple sites of abnormally increased uptake scattered throughout the brains of both 
antibody-treated and control animals. False color image representation of annexin V activity; 
 white / red  pixels = highest values of tracer uptake,  blue / black  pixels = lowest tracer uptake. 
(Reproduced from Blankenberg et al. [ 101 ])       
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   Mice Model of DSS Induced Infl ammatory Bowel Disease (IBD) 

 A recent study was performed for the in vivo imaging of mucosal CD4 positive cells 
in Balb/c mice model of human infl ammatory bowel disease [ 102 ]. This model was 
developed by the oral administration of dextran sulfate sodium (DSS). For the imag-
ing study, mice were divided into 3 groups: a control group receiving no DSS, a 
mild colitis group given 3 % DSS, and a moderate colitis group given 5 % DSS in 
drinking water. Rat monoclonal antibody against murine CD4 (clone YTS 177) was 
labeled with  111 In, with the specifi c activity of 82.6 + 16.9 MBq/mg. 34.26 + 0.26 MBq 
of  111 In-labeled CD4 antibody was injected in the tail vein of mice, 48 h prior to 
imaging. Imaging was performed with a small animal combined modality single 
photon emission computed tomography imaging gamma camera (X-SPECT; 
Gamma Medica, Northridge, CA) using a 2 mm pinhole collimator (360° of rota-
tion, 64 projection, 15 s/projection, and an 82 × 82 imaging matrix). 

 In Fig.  22.3 , sagittal images of a mouse injected with 5 % DSS and regions of 
specifi c antibody uptake are graded by color with red indicating maximum uptake. 
The amount of labeled antibody (in microcuries/mg) found in the colons of each 
group was compared; colonic activity was greater with increasing doses of DSS 
(p < 0.05). The results of the AMIDE software analysis of reconstructed SPECT-CT 
images for the colon uptake ratio (CUR) showed, statistically signifi cant differences 
between all groups. The degree and extent of colitis correlated with SPECT-CT 
imaging, regression analyses were performed to relate the CUR to the colon length, 
total lymphocytes, histopathologic scores, and total CD4+ T cells. Except in the 
case of colon length (p < 0.05), all of these analyses showed signifi cant differences. 
 111 In-labeled anti-CD4 antibody localized to areas of colonic infl ammation and 

  Fig. 22.3    An example of the overlay strategy with a CT, SPECT, and overlay SPECT-CT image 
of a 5 % DSS mouse. (Reproduced from Kanwar et al. [ 102 ])       
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correlated with the degree of pathology, as assessed by total cell counts, CD4+ T 
cell counts, and histopathology.

   This study in murine model of DSS-induced colitis, demonstrated that SPECT-CT 
imaging can be used for the localization and quantitative assessment of 
infl ammation.   

5.1.2     SPECT for Infection Imaging 

   Mice Model of Infection ( Staphylococcus aureus  and  Klebsiella pneumonia ) 

 Another study was performed with a radiolabeled human neutrophil peptide-1 
(HNP-1), an antibacterial peptide derived from human neutrophils, in a mice model 
of infection ( Staphylococcus aureu s or  Klebsiella pneumonia ) to evaluate its poten-
tial for the imaging of bacterial infection [ 103 ]. Authors used two kind of mice 
models in this study. 

  Thigh muscle model:  A bolus of approximately 1 × 10 6  colony-forming units (CFUs) 
 S. aureus  or  K. pneumoniae  was injected into the right thigh muscle. Five minutes 
later, either  99m Tc-HNP-1 (0.8 MBq) or  99m Tc-IgG (0.8 MBq) was injected intrave-
nously as a control. 

  Peritoneum model:  A peritoneal  K. pneumoniae  infection model was used to quan-
tify the binding of tracers to both bacteria and leukocytes from the site of infection. 
Briefl y, approximately 1 × 10 6  CFUs of  K. pneumoniae  was injected into the perito-
neal cavity of mice, and 5 min later,  99m Tc-HNP-1 (0.8 MBq) or  99m Tc-IgG (0.8 MBq) 
was injected i.v. as a control. 

 At different intervals, comprehensive information about clearance and accumu-
lation of  99m Tc-HNP-1 at sites of infection ( S. aureus  or  K. pneumonia)  and in vari-
ous organs was obtained by scintigraphy; for comparison purpose  99m Tc-IgG was 
used. Whole-body images were acquired every 60 s during the fi rst hour after tracer 
injection. Four hours after tracer injection, a 5 min image was acquired. Visualization 
of foci with  S. aureus  or  K. pneumonia  was already achieved 5 min after injection 
of  99m Tc-HNP-1, as indicated by a ratio of 1.3 or higher between the targeted thigh 
muscle (containing bacteria) and the nontargeted (contralateral) thigh muscle (T/
NT). Similar T/NT for  99m Tc-IgG were obtained 4 h after injection of the tracer, 
indicating that imaging of foci of bacteria with  99m Tc-HNP-1 is much faster than 
with  99m Tc-lgG. Binding of  99m Tc-HNP-1 to bacteria was approximately 1,000 
times higher than binding to leukocytes. Although the number of bacteria in the 
peritoneum was 1,000-fold lower than the number of leukocytes, a signifi cant cor-
relation between binding of  99m Tc-HNP-1 to bacteria on the one hand and accumu-
lation of tracer on the other was still found, in contrast to  99m Tc-lgG. This study 
demonstrated that the scintigraphy with  99m Tc-HNP-1 allows rapid visualization of 
bacterial infections.    
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5.2     Positrons Emission Tomography (PET) 

5.2.1     FDG PET for Imaging of Bone Infections 

 In response to an infl ammatory stimulus, the glucose metabolism of immune cells 
like macrophages, granulocytes and leukocytes is increased. Consequently, elevated 
uptake of the radiolabeled glucose analogue [ 18 F]FDG is observed at the site of 
infl ammation. [ 18 F]FDG PET is a useful tool for imaging of bone infections, but 
may give false positive results, due to normal bone healing. Normal bone healing is 
associated with an acute infl ammatory phase, which could be hard to distinguish 
from a bone infection by [ 18 F]FDG PET. Several [ 18 F]FDG PET imaging studies in 
rodents have been conducted to tackle this problem [ 104 – 106 ]. An experimental 
rabbit model for osteomyelitis was created by surgical removal of a segment from 
the leg bone, infection of the bone with  Staphylococcus aureus  and refi lling the 
bone either with the removed bone segment or with orthopedic bone cement. Control 
animals, representing normal bone healing, underwent the same surgical procedure, 
but saline was injected in the bone instead of the bacterial solution. FDG PET 
showed an increase in tracer uptake both in the healing bone and in the infected 
bone at 3 weeks after surgery, with the uptake ratio between affected and contralat-
eral bone being 2.4 ± 0.3 and 3.9 ± 1.7, respectively [ 107 ]. At 6 weeks, however, 
FDG uptake in the healing bone was almost normalized (uptake ratio 1.3 ± 0.5), 
whereas tracer uptake remained elevated in the infected bone (uptake ratio 4.2 ± 1.0). 
Comparable results were obtained in similar FDG PET study in this animal model, 
in which the animals were investigated at day 1, 8, 15, 22 and 29 after surgery [ 104 ]. 
FDG uptake was increased in both the healing bone and the infected bone from day 
1 after infection, whereas X-ray was unable to detect osteolytic lesions until day 15. 
From day 15 onward, the infected bone could be discriminated from the normal 
healing bone by FDG PET, due to a reduction in tracer uptake in de healing bone. In 
addition, increased FDG uptake in the regional lymph nodes was observed in 
67–89 % of the infected animals at day 8–29 after surgery. In contrast, enhanced 
lymph node FDG uptake was found in only one uninfected animal at a single time 
point (day 8). These results show that FDG PET can be an attractive tool to dis-
criminate between osteomyelitis and normal bone healing. Two to three week after 
surgery, osteomyelitis could be diagnosed by visual analysis of FDG PET images 
with sensitivity, specifi city, accuracy, positive and negative predictive value of at 
least 93 %. 

 FDG PET proved also useful to monitor the effi cacy of impregnation of orthope-
dic materials with antimicrobial agents for treatment or prevention of bone infec-
tions. Thus, a biodegradable osteoconductive bone defect fi ller, containing the 
antimicrobial agent ciprofl axacin, was tested in the osteomyelitis rabbit model 
[ 105 ]. Two weeks after bone infection with  S. aureus , debris was surgically removed 
from the infected bone lesion and the lesion was fi lled with the ciprofl oxacin- 
releasing orthopedic composite, or with control composite without antibiotic agent. 
At 6 weeks, sham-treated animals exhibited highly elevated FDG uptake in the bone 
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lesion (SUV 1.7 ± 0.9). In contrast, animals treated with ciprofl oxacin-releasing 
osteoconductive bone defect fi ller had markedly reduced FDG uptake (SUV 
0.6 ± 0.2), approaching the normal bone uptake in negative control animals. The 
reduction in FDG uptake in treated animals correlated with successful eradication 
of the infection and restoration of bone formation. 

 In a similar manner, FDG PET was used to test the effi cacy of a bioabsorbable 
ciprofl oxacin-containing bone screw [ 108 ]. The ciprofl oxacin-impregnated bone 
screw or a stainless steel control screw were contaminated with  S. aureus  and 
implanted in the proximal tibia of a rabbit. In control animals noncontaminated 
screws were implanted. At 6 weeks after surgery, animals that were implanted with 
a contaminated stainless steel screw showed signifi cantly augmented FDG uptake at 
the site of implantation, as compared to noncontaminated controls (SUV 0.76 ± 0.34 
and 0.52 ± 0.07, respectively). Contamination of the ciprofl axacin-impregnated bio-
absorbable screw with  S. aureus , on the other hand, did not evoke any increase in 
FDG uptake (SUV 0.44 ± 0.10 vs. 0.59 ± 0.10 for noncontaminated screws). X-ray 
images showed marked signs of bone infection due to the infected stainless steel 
screws, but not for the impregnated screws. 

 These examples show that FDG PET can not only be used in small animal mod-
els of bone infection for investigation of the diagnostic value of the imaging method, 
but also for evaluation of new orthopedic materials.  

5.2.2     PET Imaging of Antibiotic Drugs 

 Fluoroquinolones belong to a class of antibiotic drugs that inhibit bacterial DNA 
gyrase and topoisomerase-IV. Several representatives of this class of antibiotics, 
including ciprofl oxacin [ 109 ], fl eroxacin [ 110 ], lomefl oxacin [ 111 ] and trovafl oxa-
cin [ 112 ] have been labeled with  18 F for PET imaging. Only for [ 18 F]fl eroxacin and 
[ 18 F]trovafl oxacin, the evaluation of the tracer in an animal model of infection was 
published [ 113 ,  114 ]. Both labeled compounds were investigated in Sprague- 
Dawley rats and New Zealand White rabbits that were injected with E. coli in a 
thigh muscle. [ 18 F]fl eroxacin was administered at a dose of 10 mg/kg in both species 
and tissue distribution was determined by ex vivo biodistribution (rats) or PET 
imaging (rabbits) [ 115 ]. These studies showed that suffi ciently high drug concentra-
tions could be obtained in all extra-cranial tissues to achieve antimicrobial activity. 
The drug concentration in the brain was low, suggesting that CNS toxicity is 
unlikely. In both species, uptake of the radiolabeled drug in the infected muscle was 
not signifi cantly different from uptake in the control muscle, although it should be 
emphasized that a pharmacological concentration of the labeled drug was used and 
not a tracer dose. Similar results were obtained in a comparable study with [ 18 F]
trovafl oxacin [ 113 ]. Taken together, these animal studies and also studies in humans 
suggest that PET imaging of radiolabeled fl uoroquinolones is a useful tool for deter-
mining pharmacokinetic parameters of the drug noninvasively. Since no tracer-dose 
studies with radiolabeled fl uoroquinolones in animal models of infection have been 
published, it remains to be investigated whether these radiolabeled antibiotics are 
suited for imaging of infections.  
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5.2.3     PET Imaging of Herpes Virus Infection 

 Herpes viruses are the most common cause for encephalitis. The viral thymidine 
kinase is an attractive target for imaging of herpes virus infections, since this enzyme 
is only expressed in replicating viruses. Several tracers are currently available for 
imaging of herpes simpex virus thymidine kinase (HSVtk) activity [ 115 ]. These 
tracers are specifi cally phosphorylated by the viral thymidine kinase and subse-
quently. Bennett and coworkers have shown that imaging of replication-competent 
herpes simplex virus type 1 viruses is feasible using PET and the tracer 2′-fl uoro- 5-
[ 124 I]iodo-1-β-D-arabinofuranosyluracil ([ 124 I]FIAU) [ 116 ]. They injected virus par-
ticles into subcutaneous tumors in the fl anks of rats and could clearly visualize the 
HSV-infected tumors with [ 124 I]FIAU PET, whereas control tumors could not be 
discerned. Tracer uptake correlated with the HSV-1 dose and with the interval 
between virus infection and PET imaging (and as a result with viral replication). 
These results indicate that [ 124 I]FIAU PET might be useful for detection of herpes 
virus infection and for monitoring of oncolytic viral treatment of cancer [ 117 ]. 

 An important characteristic of herpes viruses is that they establish latency in the 
central nervous system after primary infection. Both primary infection and reactiva-
tion of herpes viruses may sporadically result in herpes encephalitis. The acyclic 
guanosine derivatives 9-[(3-[ 18 F]fl uoro-1-hydroxy-2-propoxy)methyl]guanine ([ 18 F]
FHPG) and 9-[4-[ 18 F]fl uoro-3-(hydroxymethyl)butyl]guanine ([ 18 F]FHBG) are 
radiolabeled analogs of the antiviral agents ganciclovir and penciclovir, respectively. 
[ 18 F]FHPG and [ 18 F]FHBG have been investigated in an animal model of herpes 
simplex encephalitis as potential PET tracers for detection of replicating HSV in the 
brain [ 118 ,  119 ]. Thus, rats were infected by inoculation of HSV-1 via the nose, 
which induced severe herpes simplex encephalitis within one week. Ex vivo autora-
diography and consecutive metabolite analysis demonstrated that [ 18 F]FHPG selec-
tively accumulated in infected brain regions, where it was phosphorylated by the 
virus [ 117 ]. In the same animal model, comparable selective accumulation of [ 18 F]
FHBG was observed in ex vivo biodistribution and PET imaging studies (Fig.  22.4 ), 
although uptake was very low, even in infected brain regions [ 118 ]. [ 18 F]FHPG and 
[ 18 F]FHBG are both hydrophilic tracers that hardly penetrate the intact blood-brain 
barrier, but might enter the brain when the blood-brain barrier is disrupted during 
infection and infl ammation. However, [ 18 F]FHBG PET imaging studies could not 
demonstrate any enhanced tracer uptake in the HSV-infected brain by visual analy-
sis, which is probably due to a combination of low brain uptake and technical limita-
tion of the imaging method, such as partial volume and spill-over effects.

   As an alternative approach, the immune response to the HSV infection of the 
brain was exploited as a target for imaging [ 119 ]. In response to the viral invasion 
of the brain, the macrophages of the brain, microglia cells, are activated, which is 
accompanied by an increased expression of the peripheral benzodiazepine receptor 
(PBR, also called translocator protein) on the mitochondria of the microglia cells. 
The expression of the PBR is low in the healthy brain, but is highly upregulated in 
neuroinfl ammation. Several tracers have been developed for PET imaging of the 
PBR, of which [ 11 C]PK11195 ( (R) - N -methyl- N -(1-methylpropyl)-1-(2- 
chlorophenyl)isoquinoline-3-carboxamide) has been used most frequently [ 120 ]. 
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PET imaging with [ 11 C]PK11195 and other tracers for the PBR was applied to study 
the activation of microglia cells in the herpes simplex encephalitis rat model [ 119 ]. 
PET imaging and ex vivo biodistribution studies showed that uptake of [11C]-
PK11195 was increased in the bulbus olfactorius, frontal cortex, parietal/temporal/
occipital cortex, cerebellum and brainstem in HSV-infected rats (Fig.  22.5 ). This 
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  Fig. 22.4    Graphical Patlak analysis of [ 18 F]FHBG uptake in the brain of a rat suffering from an 
HSV encephalitis. The corresponding PET image is depicted in the  insert  of the graph. The distri-
bution volumes for different brain areas, as obtained by [ 18 F]FHBG PET, corresponded well with 
the migration of the virus       

  Fig. 22.5    [11C]PK11195 PET images of the brains of a control rat and a rat that was intranasally 
infected with HSV-1 7 days before. The brain is outlined by the  black dotted line . Increased tracer 
uptake is observed in the bulbus olfactorius, frontal cortex, brain stem and cerebellum, which cor-
responds to the migration pattern of the virus       
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increase in tracer uptake correlated well with the distribution of activated microglia, 
as determined by immunohistochemistry.

   Taken together, these studies indicate that specifi c tracers for imaging of herpes 
virus infections are available, but these tracers appear unable to penetrate into the 
brain suffi ciently to allow imaging of brain infections. PET imaging of the PBR on 
activated microglia is a suitable alternative to monitor brain infections.   

5.3     Other Imaging Modalities 

 Imaging of infection and/or infl ammation can be performed with other modalities 
such as MRI, optical imaging and US. 

5.3.1     MRI 

 Concerning atherosclerosis, Fayad et al. [ 97 ] were the fi rst to describe a non- 
invasive high-resolution MRI of atherosclerotic lesions in the ApoE − / −  mice. The 
animal model was identical to the one described above; an apolipoprotein E defi -
cient mouse that, even feeded on chow diet, develops spontaneous atherosclero-
sis. After acquiring the images they sacrifi ced the mice and prepared the tissues 
for histological analysis. The MRI and histopathological sections images from 
the same mouse were correlated and in a second step analyzed separately by two 
different investigators. The authors found that it was possible to visualize the 
arteries of wild-type and atherosclerotic mice identifying lesions (of which they 
had not prior knowledge) and obtaining a high grade of agreement with the histo-
pathological fi ndings. So they concluded that MRI could have provided a tool to 
study atherosclerosis and improve its understanding, diagnosis and treatment. 
Although they found their results were promising, they also found out that there 
was some limitations including vessel motion during cardiac cycle and respira-
tory acts, that could cause a series of artifacts with a negative infl uence in the 
images analysis (Fig.  22.6 ). This study was followed by many others, aiming to 
fi nd a procedure for the follow up of the atherosclerotic events without sacrifi cing 
the mice at different time points or simply to improve the sensitivity and accuracy 
of the technique.

   Alsaid et al. [ 121 ] conducted a study trying to assess the feasibility and perfor-
mance of high-resolution MRI in combination with two different gating strategies. 
They tested double-sensor cardiac and respiratory gating, using both ECG and 
respiratory sensor signals and single-sensor cardiorespiratory gating using demodu-
lated ECG; in order to avoid artifacts as much as possible and to see which one of 
the two procedure was the best. They used the ApoE − / −  mouse model and performed 
the experiments on a 2-T horizontal MRI equipped with a 180 mT/m gradient set, 
acquiring image using a two-dimensional (2D) gradient echo (GE) sequence. They 
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were able to obtain high-resolution MRI images of atherosclerotic plaque at the 
aortic root and the carotid origin and concluded that even if the single-sensor car-
diorespiratory gating using demodulated ECG presented some advantages respect 
to the other, both gating systems were good to visualize lesions in the thoracic area 
and could prevent the obtaining of artifacts.  

5.3.2     US 

 Clavel et al. [ 122 ] tried to determine if ultrasonography analysis could accurately 
detect arthritis lesions in a the collagen-induced mouse model described earlier, 
even if the small size of a mouse is a limit to the use of US, which could potentially 
be a useful non-invasive technique to follow up the disease in the same animal, 
which is a recurring task in many different diseases. 

 After acquiring images in both Doppler and B mode the mice were sacrifi ced and 
the legs were collected for histological studies, so that they could compare the 
obtained results with ultrasonographic and clinical evaluations. They showed that it 
is possible to follow up the development of arthritis in mice with US and also to 
defi ne parameters that permitted to distinguish fi ve grades of arthritis, even if it was 
not possible to visualize cartilage destruction, which is a feature of RA. Eventually 
they concluded that US presents several advantages such as low costs, innocuity and 

  Fig. 22.6    MRI imaging and histology of normal mouse aorta ( a ,  b ,  c ) and of a mouse aorta 
affected by severe atherosclerosis ( d ,  e ,  f ). (Reproduced from Fayad et al. [ 97 ])       
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precision, supplemented by Doppler analysis that are able to give information on 
joint vascularization and angiogenesis which participates in the disease.  

5.3.3     Optical Imaging 

   Infection 

 The use of a molecular probe with a fl uorescent reporter group can permit to image 
bacteria through optical imaging, even if it is not so much developed like MRI, 
SPECT and PET/CT. 

 Leevy et al. [ 123 ] used a fl uorescent molecular probe containing synthetic 
zinc(II) dipicolylamine (Zn-DPA) coordination complexes as affi nity groups that 
could selectively bind to the outer anionic surface of the bacterial membrane. The 
probe contained a near-infrared (NIR) fl uorophore attached to the affi nity group 
with an emission wavelengths in the region of 650 − 900 nm that could propagate 
through more than 2 cm of tissue. Then they used the probe for targeted, fl uores-
cence imaging of bacterial infection in a thigh muscle mouse model. The mice 
were infected with  S. aureus  and  E. coli  and they found that it could be possible to 
discriminate between infected and non-infected thigh. Moreover they showed that 
using a probe with a different affi nity group as a control, they couldn’t detect any 
fl uorescent from the infected tissue. Anyway, more studies are needed to check the 
reliability of this technique, since the range of the NIR light has limited penetra-
tion that permits the imaging of infection only in sites such as throat, skin and 
urinary tract.  

   Infl ammation 

 Since RA mainly affects the joints of hand and feet, Simon et al. [ 124 ], proposed 
that optical imaging with labeled leukocytes could be an innovative and alternative 
imaging modality, avoiding the problem of imaging deeper tissues. To prove their 
hypothesis they induced arthritis in rats and injected autologous leukocytes labeled 
with DiD, a liphophilic carbocyan marker with an absorption window between 650 
and 900 nm. The images were acquired from rats treated and untreated with corti-
sone, which is known to reduce the effects of the infl ammatory response and they 
noticed that while in the former group there was an accumulation of labeled leuko-
cytes in the joints, in the latter the signal was markedly reduced. The concluded that 
their approach could have provided a higher sensitivity compared to the previous 
ones, which were based on the labeling of dedicated antigens, but that their study 
could only be a starting point for the improvement of the technique since their dye 
was not clinically approved. Moreover the study had several limitations, including 
the impossibility to know which subpopulation of cells was migrating to the joints 
and if the fl uorescence detected in the joints was truly due to the initially labeled 
cells (Fig.  22.7 ).
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6           Extrapolation of Animal Results to Human Studies 

 Although extrapolation of animal data to humans is always diffi cult and requires 
particular attention, in the fi eld of infl ammation/infection, this is even more diffi -
cult. However, pre-clinical screening in animals of different molecules or different 
analogues of a given molecule is always necessary. It is necessary because, although 
some considerations on the quality and properties of a labeled probe can be done a 
priori on a theoretical basis or can be obtained by in vitro studies, most necessary 
information can only be obtained by studying in vivo the biodistribution of the 
labeled probe. 

  Fig. 22.7    Optical imaging of arthritis in rats injected with autologous leukocytes labeled with 
DiD, a liphophilic carbocyan marker with an absorption window between 650 and 900 nm. ( a ,  b ) 
induced arthritis in right knee; ( c ,  d ) cortisone treated arthritis; ( a ,  c ) before and ( b ,  d ) 4 h after 
injection of DiD-labeled leukocytes. (Reproduced from Simon et al. [ 124 ])       
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 Theoretical considerations can be made for the choice of the isotope to attach to 
the molecule and for the labeling method to choose, accordingly. Factors infl uenc-
ing the choice of isotope are the biological half life of the molecule and of the iso-
tope (that should be as similar as possible), the type of imaging modality to be used 
(PET, SPECT), the biochemical structure of the molecule (molecular weight, struc-
ture, presence of S-S bonds, others), the need of having a spacer (or a linker) 
between the isotope and the molecule, the sensitivity of the molecule to oxidizing/
reducing chemicals, etc. These considerations may help to orientate to the correct 
choice and save time to following steps of research. 

 In vitro information that can be obtained are related to the type of quality con-
trols that are performed and include labeling effi ciency and stability of the labeled 
probe in different conditions (in saline, plasma, room temperature or 37 °C, chal-
lenge with different isotope chelators, etc.), biochemical quality controls on the 
structure of the compound (SDS-PAGE, ITLC, HPLC, Maldi-TOF, etc.), test of 
immunoreactive fraction, binding assay to cells (including displacement with unla-
beled probe and Scatchard plot analysis), biological assay to cells, autoradiography 
to tissues or cells. These tests will defi ne the structure, stability and binding  affi nity/
activity of the probe to its target and will also provide initial information on the pos-
sible use of the probe. 

 Animal studies, fi nally, provide information on the biodistribution, metabolism, 
kinetic and pharmacological interactions. When performing these experiments it 
must be considered that animals of different sex, age, strain and conditions, may give 
different responses. The most infl uencing conditions are the food and water intake of 
animals, the body temperature during the experiments, heart and breading rate of 
animals, the kind and duration of anesthesia, the host response to induced infection. 
All these factors are extremely variable and different from small animals to humans. 

 Some other anatomical considerations can be done when extrapolating animal 
results to humans, such as the deepness of an organ and its proximity with other 
organs that have high uptake of labeled probe for metabolic reasons. For instance, a 
pancreatic lesion in a mouse or rat, will hardly be seen using a radiopharmaceutical 
that is metabolized by the kidneys, but this may not be the case in humans; and vice 
versa, an infection in a highly vascularised tissue (i.e. endocarditis) can be better 
seen in a mouse than in man using a short half-life probe because of the faster heart 
rate and liver metabolism in mice than humans. 

 Last but not least, we must take into consideration that infections induced in 
animals are much more severe and extended than those we normally observe in 
humans and that the host response to infection is much different in rodents than in 
humans. In rodents, the inoculation of bacteria induces high vascular damage, 
edema and macrophage infi ltration. In humans, latent infections appear with little 
vascular phenomena, poor edema and mainly granulocytic infi ltration. The  cytokine/
chemokine response to the infl ammatory/infective agent is also different, in differ-
ent species, as well as the immunoglobulin production. 

 In conclusion, although very important, animal data should be taken with caution 
when extrapolated to humans, particularly in the study of infl ammatory/infective 
diseases that are very different for physiological and pathological reasons.  
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7     Conclusions 

 Small animals are frequently used in clinical research fi eld as models of  infl ammation/
infection. In particular, mice are the fi rst choice in radiopharmaceutical research 
because they are economical, may provide suitable model for different human dis-
orders and also their production is rapid. The mouse genome sequence has been 
already determined and the knockout mice are also available as models of different 
human abnormalities. Human tumor xenografted animal models have been used in 
the fi eld of infl ammation imaging from several years. Therefore, these small animal 
models are playing a key role in the radiopharmaceutical research. 

 A number of radiopharmaceuticals for imaging infl ammation have been pro-
posed that differ in their specifi city and mechanism of uptake in infl amed foci as 
compared to the traditional infl ammation imaging agents such as human autologous 
leukocytes. Radiolabeled cytokines and mAbs represents a reliable tool for the diag-
nosis of chronic infl ammatory processes, moreover, the introduction of radiolabeled 
antibiotics and antimicrobial peptides now made the fi eld of infl ammation/infection 
imaging highly specifi c and precise. Sophisticated techniques like PET, SPECT and 
other hybrid modalities improve the quality of scintigraphic images and often 
allowed to screen quickly and effi ciently different radiolabeled molecules in a given 
model, thus providing a useful tool for pre-clinical screening of radiolabeled probes 
and for predicting biodistribution and clinical use in humans.     
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1            Introduction 

 Recent advances in molecular imaging allow us to visualize both cellular and 
 subcellular processes within living subjects at the molecular level as well as at the 
anatomical level [ 1 ]. Molecular imaging is molecular-genetic imaging for visualiz-
ing cellular processes by combination of molecular biology and biomedical imag-
ing. This marvelous technique provides research attention not only in molecular cell 
biology but also in related fi elds. Remarkable improvement of molecular imaging 
was achieved in visualization, characterization, and quantifi cation of biological 
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processes by integration of many different fi elds such as genetics, pharmacology, 
chemistry, physics, engineering and medicine. 

 Especially, the development of controlled gene delivery and gene expression 
vector systems promotes generation of various types of reporter genes for visualiza-
tion, for example, chlorampenicol acetyltransferase (CAT) [ 2 ], β-galactosidase 
(lacZ) [ 3 ], luciferases [ 4 ], and fl uorescent proteins [ 5 ]. Conventionally, a recombi-
nant plasmid, which contains a target gene and a reporter gene, has been used to 
monitor target gene expression by assaying reporter gene expression. However, this 
method cannot be used directly in living animals because the invariable light inten-
sity from reporter proteins was not enough to be visualized in animals for non- 
invasive imaging. Different strategies are required for monitoring gene expression 
in vivo imaging. Accumulation of specifi c imaging signal for amplifying its inten-
sity makes it possible to visualize localization, quantifi cation, and repetitive deter-
mination of gene expression in vivo non-invasive imaging [ 6 ,  7 ]. More effective 
strategies have been tried to overcome the obstacles for monitoring gene expression 
in vivo by recruiting methods from radio-pharmaceutics and physics. Radio-labeled 
small compounds and paramagnetic probes were developed for imaging specifi c 
proteins and magnetic signals, accelerating non-invasive molecular imaging tech-
nology [ 8 ,  9 ]. In recent publications, these strategies have been reviewed by 
researchers for introducing the concept of molecular imaging [ 10 – 12 ]. 

 The development of molecular imaging technologies has been facilitated by 
associated development of imaging instruments as well as imaging materials such 
as enhancement agents, probes, ligands and reporter constructs. Small animal mod-
els have a great advantage in disease studies that are diffi cult or impossible to be 
performed in human. Repetitive observation is a virtue of non-invasive small animal 
imaging, which provides information about a spatial and temporal dimension in 
disease development and progression. Multiple imaging modalities, including 
micro-CT (computed tomography), micro-SPECT (single photon emission com-
puted tomography), micro-PET (positron emission tomography), micro-MRI (mag-
netic resonance), micro-US (ultrasound), and various optical techniques using 
fl uorescence and bioluminescence, are available for small animal imaging. Recently, 
the resolution of some imaging modality is approaching cellular level [ 13 ], and the 
advances in imaging technology have resulted in developing combined imaging 
modalities, such as PET/CT, SPECT/CT, and PET/MRI [ 14 ,  15 ]. Using the newly 
developed instrumental merging techniques, more precise localization information 
of both anatomical and molecular activity can be acquired in a single imaging ses-
sion [ 16 ]. Advantages of multimodal approaches to molecular imaging provide bet-
ter images for visualizing cellular, functional, and morphological changes. 

 Molecular and genetic changes usually precede biochemical, physiological, and 
anatomical changes. Anatomic morphology changes can be visualized by conven-
tional imaging modalities such as CT, MRI, US and radiography. Biochemical and 
physiological changes can be monitored by PET, SPECT and MRI. Molecular 
genetic imaging offers several different options in visualizing molecular genetic 
changes, which is occurring at the beginning of most diseases. The strategies for 
monitoring gene expression in small animal molecular imaging are broadly defi ned 
as direct and indirect imaging (Table  23.1 ). Direct imaging strategies usually consist 
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of a specifi c target and a target-specifi c probe, and the interaction between a target 
and a probe is directly related with the intensity of imaging signal. Synthetic radio-
labeled antisense oligonucleotide can be used as a probe for direct imaging to visu-
alize endogenous gene expression at the transcription level.

   For indirect imaging, reporter gene based techniques, which have been identifi ed 
and widely used to study cell biology, are most frequently performed for monitoring 
gene expression in vivo. Reporter genes are genetic markers that easily encode 
detectable proteins, or involve in metabolism of labeled probe. These markers are 
great tools to determine activities of specifi c promoters and the factors when they 
are located at the downstream of a specifi c promoter/enhancer sequence. Many 
genes contain more than one promoter, and promoter activities may be specifi c for 
a disease process. By placing an imaging reporter gene under the control of such 
promoter, promoter activity can be dynamically visualized and gene expression can 

   Table 23.1    Applicable molecular imaging methods for visualizing gene expression in small 
animals   

  Direct imaging  

 Target  Probes  Imaging modality  References 

 Biomarker (ex. glucose 
transporter) 

 [F-18] FDG  Nuclear  [ 18 – 20 ] 

 Receptor  Antibody  Nuclear, MRI  [ 22 ,  23 ] 
 Minibody  Nuclear  [ 24 ] 
 Affi body  Nuclear  [ 25 ] 
 Peptide ligand  Nuclear, MRI  [ 26 – 28 ] 
 Peptide ligand  Nuclear, optical  [ 29 ] 

 mRNA, protein  Synthetic small molecular tracer 
 Antisense oligonucleotide  Nuclear  [ 30 – 33 ] 
 Aptamer  Nuclear, optical  [ 34 ] 

 Receptor, transporter, 
biomarker 

 Paramagnetic iron oxide SPIO, 
MION 

 MRI  [ 43 ,  44 ] 

  Indirect imaging (reporter gene imaging)  

 Reporter  Probes/contrasting agents  Imaging modality  References 

 Fluorescent protein  GFPs, RFPs  Optical  [ 46 ,  47 ] 
 Enzyme type reporter     
  Luciferase  Optical  [ 48 – 51 ] 
  HSV1-TK  [F-18] FEAU, FHBG, 

[I-124] FIAU, etc. 
 Nuclear  [ 52 ,  53 , 

 55 – 58 ] 
  Tyrosinase  Paramagnetic iron oxide  MRI  [ 84 ,  85 ] 
 Receptor type 
  D2R  [F-18] FESP  Nuclear  [ 59 – 62 ] 
  SSTr  [I-123,124,131,Tc-99m] octreotide  Nuclear  [ 63 ,  69 – 75 ] 
  hNET  [I-123,124,131] MIBG, 

[C-11]ephedrine 
 Nuclear  [ 76 – 79 ] 

  Transferrin  Paramagnetic iron oxide  MRI  [ 82 ] 
  Ferritin  Paramagnetic iron oxide  MRI  [ 86 ,  87 ] 
  LRP  H +   MRI  [ 88 ] 
 Transporter type 
  NIS  [I-123,124,131]. [Tc-99m]O 4   Nuclear  [ 64 – 68 ] 
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be monitored. The reporter proteins are accumulated in the cells with promoter-
reporter construct, and the measurements of specifi c imaging signals from accumu-
lated reporter proteins provide indirect information that refl ects the level of reporter 
gene expression. A variety of molecular imaging techniques, including optical, 
nuclear, magnetic resonance modalities, can be used for reporter imaging. Since 
reporter based imaging system represents a part of molecular signature in cellular 
process, it may be useful in gene therapy as well as imaging tool.  

2     Direct Imaging for Small Animal Molecular Imaging 

 The strategies of direct imaging for small animal molecular imaging have been estab-
lished using nuclear medicine, optical and MRI modalities with a specifi c target and 
a target-specifi c probe for gene expression. The localization and the concentration of 
a probe are directly related to its interaction with a target. In biomarker imaging, the 
metabolic trapping of specifi c probe molecule refl ects the molecular events of a dis-
ease. Specifi c ligands for receptors, antibodies or antibody fragments (i.e. minibody 
or affi body, etc.) for specifi c antigen, and synthetic small molecular tracers are other 
examples of direct imaging probes. Recently, synthetic small molecular tracers, such 
as antisense oligonucleotide or aptamer probes for targeting specifi c mRNA or pro-
tein, have been developed to visualize gene expression (Fig.  23.1 ).

  Fig. 23.1    Schematic illustration of direct imaging with target-specifi c probe.  Stars  are radioiso-
tope labeled, fl uorescent, or magnetic probes       
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2.1       Biomarker Imaging 

 For visualizing downstream effects of changes in specifi c molecular events,  biomarker 
imaging can be useful. One good example of biomarker imaging is based on the fact 
that malignant tumors frequently show elevated level of glucose utilization and gly-
colysis [ 17 ]. This imaging strategy utilizes a radiolabeled glucose analogue (2′-fl uoro-
2′-deoxyglucose-[F-18]FDG) and positron emission tomography (PET), which 
refl ects increased glucose transport and hexokinase activity. [F-18]FDG PET has 
been widely used in clinic to access tumor diagnosis and monitor therapeutic effect. 

 However, biomarker imaging may refl ect more than a single protein or signaling 
pathway. For [F-18]FDG PET, glucose metabolism is regulated by many different 
kinds of extracellular signals such as PI3 Kinase/Akt pathway, mTOR, c-kit, and 
Hif-1α activation [ 11 ]. Nonetheless, [F-18]FDG PET whole body imaging is most 
widely used in clinic for tumor diagnosis and monitoring the effi cacy of anti-cancer 
therapy taking advantages of the pre-developed radiolabeled probe. Especially, the 
application of biomarker imaging for monitoring the response of treatment is com-
monly used for evaluating the effi cacy of newly developed drugs [ 18 – 20 ] (Fig.  23.2 ).   

  Fig. 23.2    An application of FDG-PET as a biomarker imaging for visualizing tumor to evaluate 
the effi cacy of the mTOR inhibitor everolimus. Reprinted with permission from [ 18 ]       
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2.2        Receptor Imaging 

 Since the enhanced intensity of probe signal is directly related to its interaction with 
a specifi c target, imaging specifi c receptors has been evolved to improve probe sen-
sitivity and specifi city. For this reason, radiolabeled antibodies for a specifi c recep-
tor have been used over last 20 years to visualize the localization of the receptor. 
However, the use of conventional radiolabeled antibody has a major problem of 
higher background signal from non-specifi c binding, slow penetration and pro-
longed clearance by a larger size. More recently, genetically engineered small frag-
ments of antibody, such as minibodies or affi bodies, have been introduced as 
imaging probes for reducing size disturbance and increasing affi nity [ 21 ]. In addi-
tion, small sized radiolabeled peptide ligands have been also used for specifi c recep-
tor imaging. Moreover, recent advances have increased the detection sensitivity, 
which provides more options for selecting probes including fl uorescent or paramag-
netic nanoparticle based probes. 

 Tyrosine kinase HER2 is overexpressed in most breast cancers, and a radiola-
beled monoclonal HER2 antibody for targeting HER2 is a good example of target 
specifi c receptor imaging [ 22 ]. A gadolinium-chelated HER2 specifi c antibody was 
also successfully used for magnetic resonance based molecular imaging of HER2 
receptor [ 23 ]. A series of small fragmented antibodies was derived from a parental 
HER2 monoclonal antibody. A variant of anti-p185 HER2  minibodies showed high 
affi nity to p185 HER2  and rapid clearance. However, their results demonstrated that 
the tumor targeting properties in vivo mouse studies were less effective than in vitro 
[ 24 ]. Instead of antibody libraries, affi body molecules are selected from phage dis-
play. A new type of molecule named (Z her2:4 ) 2  showed high affi nity to HER2 and the 
tumor was easily visualized with a gamma camera in a xenografted mouse [ 25 ]. 

 Radiolabeled glycosylated RGD peptides are also developed for targeting 
alpha(v) beta3 integrin, which is highly expressed on tumor vasculature and plays 
an important role in tumor metastasis, and angiogenesis [ 26 ,  27 ]. Recent researches 
focus on the wider use of a different imaging modality or multimodality using RGD. 
Kiessling et al. reported that the RGD-labeled ultra-small super paramagnetic iron 
oxide (USPIO) for MRI successfully accumulated in the tumor vasculature of xeno-
graft mouse model [ 28 ]. Multimodal imaging approach using RGD peptide was also 
tried, and tumor selective localization was observed by bioluminescence, fl uores-
cence, gamma scintigraphy, and SPECT imaging [ 29 ].  

2.3     Synthetic Small Molecular Tracer Imaging 

 The development of synthetic small molecular tracer that specifi cally hybridizes to 
target mRNAs or proteins provided another strategy for direct imaging, including 
radiolabeled antisense (or aptamer) oligonucleotide probes (RASONs). Some effi -
cacy of RASONs was demonstrated for endogenous gene expression, using a gamma 
camera and PET imaging [ 30 ]. Recently, the successful uses of  99m Tc- RASON  
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targeting human telomerase reverse transcriptase (hTERT) [ 31 ], proliferating cell 
nucleus antigen (PCNA) [ 32 ], and multidrug resistance gene-1 (MDR-1) mRNA 
[ 33 ] were reported in xenografted mouse models. Newly developed oligonucleotide 
based molecule, named aptamer, which can bind to almost any targets including 
proteins, peptides, antibodies, and small molecules such as DNAs and RNAs, pro-
vides a wide range of possible probes for specifi c targeting. An effi cient targeting 
example using MUC-1 specifi c aptamer has been demonstrated in most tumors 
[ 34 ]. However, RASON imaging still has several serious limitations, such as high 
background activity, limited tracer delivery, and poor stability. 

 A further development of direct radiotracer imaging strategies is required for a 
specifi c probe for each molecular target. In recent studies, the application of cell 
penetrating peptide (CPP) with oligonucleotide probe is suggested to improve the 
delivery effi ciency of tracing probe across the cell membrane, and the use of modi-
fi ed oligonucleotide is also recommended for longer stability of the tracing probe. 
Positively charged CPPs, such as TAT (transactivator of transcription) protein trans-
duction domain and Arginine/Lysine rich peptide domain, have been used as conju-
gating peptides for intracellular delivery of a variety of small molecules including 
oligonucleotides [ 35 ,  36 ]. Many types of oligonucleotide analogues including 
locked nucleic acid (LNA) or peptide nucleic acid (PNA), have been reported [ 36 , 
 37 ], and the structural modifi cation prevents enzymatic degradation of oligonucle-
otides from nucleases (Fig.  23.3 ).

2.4        Paramagnetic Iron Oxide Based MRI 

 Recently, the application of super paramagnetic nanoparticle based probe has 
increase for high resolution of in vivo MRI. This strategy uses MRI based on T2 
effect by superparamagnetic ion oxide (SPIO) nanoparticle for visualization [ 38 ]. 
The clinically approved SPIO containing Fe 2+  and Fe 3+  ion oxide core, is coated 
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with carboxydextran. A larger amount of ion oxide can be loaded into the nanopar-
ticle, and micrometer sized particles harboring iron oxide (MPIOs) are available for 
this purpose [ 39 ]. Especially, paramagnetic iron oxide has been successfully used 
with a better spatial resolution in monocyte-macrophage based liver imaging and 
stem cell traffi cking [ 40 ,  41 ]. For imaging the gene expression, the conjugation with 
a targeting peptide or oligonucleotide with paramagnetic ion oxide, have been 
widely used [ 42 ,  43 ]. Though the possible toxicity of iron oxide nanoparticle has 
always challenged, recent fi ndings have shown that SPIO can be safely used in mes-
enchymal stem cells traffi cking without changing the viability, proliferation, and 
differentiation capability [ 44 ].   

3     Reporter Gene Imaging for Small Animal 
Molecular Imaging 

 Although the originally devised reporter genes have been widely utilized to study 
in vitro cell biology, recent technical developments allow direct in vivo visualiza-
tion to analyse gene expression and regulation. Reporter genes, located at the down-
stream of a specifi c promoter, are genetic markers that encode easily detectable 
proteins, and these markers become extraordinary tools to determine the activities 
of specifi c promoters. Imaging reporter genes uses genetic markers that involve in 
metabolism of labeled probes [ 6 ], which are great tools for determining activities of 
specifi c promoters and the factors when they are located at the downstream of a 
specifi c promoter/enhancer sequence. By placing an imaging reporter gene under 
the control of such a promoter, dynamic visualization of promoter activity can be 
achieved [ 45 ]. 

3.1     Optical Reporter Imaging 

 Major advantages of optical imaging modalities, such as fl uorescence and biolumi-
nescence imaging, are suggested that they are simpler, cheaper, more convenient, 
and more user friendly than other imaging modalities. Another advantage, espe-
cially for bioluminescence imaging, is highly sensitivity for detecting low levels of 
gene expression. Various optical reporter genes construct which have been already 
used in vitro, are available for testing the same biological hypotheses in living ani-
mal models. Combining the fl uorescence and bioluminescence reporter genes into a 
single gene product could provide a better resolution for the analysis of gene expres-
sion by taking advantages of fl uorescence in vitro as well as bioluminescence 
in vivo (Fig.  23.4 ).

   Though one of the critical components of the optical imaging modalities is the 
sensitivity of detecting devices, the recent advances have greatly increased their 
sensitivity. The charged coupled device (CCD) camera is the detection device 
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which captures photons by photocathode, which converts photon to electron for 
amplifi cation. For fi nal detection using phosphorscreen, another conversion of 
amplifi ed electron to photon is required. For reducing thermal noise, this device can 
be cooled down to −120 °C. The sensitive range of this system is across the entire 
visible and near infrared wavelengths. However, the blue, green, yellow range of 
the light spectrum can be easily absorbed by mammalian tissue, the red or longer 
wavelength of light is preferable for in vivo optical imaging. 

3.1.1     Fluorescent Protein Based Reporter System 

 Recently, a fl uorescent protein based reporter system has become very popular for 
monitoring gene expression, localization, movement and protein–protein interac-
tion in vitro [ 5 ]. Imaging fl uorescent proteins is measured by the light emission 
from the excitation of external source of light. Various factors are involved in the 
brightness of fl uorescent proteins, including folding, maturation, extinction coeffi -
cient, quantum yield, and the photo-stability of proteins. For this reason, many types 
of genetically engineered variants from natural fl uorescent proteins are also devel-
oped for better imaging. 

  Fig. 23.4    Strategy of promoter-reporter gene construct for monitoring gene expression using opti-
cal imaging. P is a promoter/enhancer sequence       
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 Green fl uorescent protein (GFP) has been widely used in molecular cell biology, 
and most GFP variants have come from spectral shifted variants [ 5 ,  46 ]. Synthetic 
variants including an enhanced GFP (eGFP) have been developed for improving 
stability and brightness of fl uorescence. A number of red fl uorescent proteins 
(RFPs) have also been developed by genetic modifi cation to overcome its limita-
tions, such as tetrameric toxicity and incomplete maturation. Since many wild types 
fl uorescent proteins have tetrameric structure which causes aggregation and toxic-
ity, a variety of genetically engineered mutant RFPs shows with longer emission 
wavelength. Bright, less toxic and more suitable RFPs for mammalian cell studies 
have been generated by Tsien’s group. Monomers or tandem dimers of tetrameric 
fl uorescent proteins with very bright fl uorescence and higher photo-stability have 
been developed, and named such as mPlum, mCherry and tdTomato [ 46 ,  47 ]. 

 However, fl uorescent reporter imaging for in vivo small animal imaging has 
major limitations such as the requirement of an external light source and the expo-
nentially decreasing intensity of light with increasing depth of the target localiza-
tion. Moreover, the sensitivity and specifi city of fl uorescence imaging are frequently 
disturbed by endogenous tissue autofl uorescence resulting in substantial back-
ground emissions. For this reason, the proper use of selective fi lters or the applica-
tion of spectral analysis is required in order to reduce the interference of 
autofl uorescence to the acquired images.  

3.1.2     Bioluminescent Protein Based Reporter System 

 Among the various kinds of reporter genes, luciferases are the only ones that pro-
duce light, and do not require an external excitation source. As mammalian tissue 
does not emit a signifi cant amount of light, luciferase imaging offers lower back-
ground signal compared to fl uorescence imaging. The family of luciferase enzymes 
presents in certain bacterial, marine crustaceans, fi sh and insects. The Firefl y lucif-
erase (FLuc) and Renilla luciferase (RLuc) are most commonly used luciferase 
genes, and their corresponding substrates are luciferin and coeleterazine. 

 Native luciferase of American fi refl y,  Photinus pyralis , produces light with broad 
emission that peaks at 560 nm and above 600 nm fraction, making it suitable for 
in vivo imaging. Since the fi rst report of Luc gene, this reporter gene has been modi-
fi ed for improving expression in mammalian cells by codon optimization. The per-
oxisomal targeting sequence was also deleted for higher expression in cytosol, and 
the some amino acids were substituted for shifting emission wave length towards 
the red region above 600 nm [ 48 ]. More recently, a synthetically-derived luciferase 
Fluc2 is developed with humanized codon optimization that is designed for high 
expression and reduced anomalous transcription. The native substrate, D-luciferin 
[D-(-)-2-(6′-hydroxy-2′-benzothiazolyl) thiazone-4-carboxylic acid], is converted 
into oxyluciferin in an Mg-ATP dependent process. These luciferases generate a 
visible light through the oxidation of an enzyme-specifi c substrate in the presence 
of oxygen, and ATP is also required as an additional co-factor for luciferase imag-
ing. For in vivo administration, it was reported that luciferin found to be non toxic 
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and well distributed in the whole body of mouse after exogenous application 
 (usually intraperitoneal injection, also can use intravenous route), even crossed the 
blood–brain or placental barrier. In a mouse model, luciferase reaction peaked at 
20 min after the injection. 

 Another type of commonly used luciferase from Renilla, emits blue light with 
480 nm peak, limiting its use in vivo. Firefl y and RLuc are distinguishable because 
they use different substrates and emit different light spectra. For these reasons, 
RLuc has been used for the normalization of FLuc expression. Fast induction of 
luminescence and short half-life of luciferin and luciferase in bioluminescence sys-
tem provide a suitable method for monitoring transcriptional activation using these 
two luciferases [ 49 ,  50 ]. 

 In vivo bioluminescence imaging was originally developed using bacterial infec-
tion model [ 51 ], and a set of genes from soil bacterium  Photohabus luminescens  
was fi rst introduced into Salmonella bacteria. Bacterial luciferase Lux operon con-
sists of fi ve polycistronic genes under same promoter, named Lux A, B, C, D, E. 
Lux A and B encode heterodimeric bacterial luciferase and additional genes encode 
substrate synthesizing enzymes such as fatty acid reductase enzyme complex. The 
lux operon has also been reorganized and optimized for expression. Labeled bacte-
ria can be detected in the mouse model and represented the location of an infection. 
Reduced form of fl avin mononucleotide (FMNH2) can be used as a substrate for 
bacterial luciferase, and emission peak is 490 nm [ 48 ,  51 ]. 

 For whole-body imaging of small animals, bioluminescence reporter genes have 
been more widely used than fl uorescence imaging due to the higher sensitivity and 
the lower background luminescence or autoluminescence. However, the basic prob-
lem of optical imaging system is the attenuation of light photons. About 90 % of 
bioluminescence signal fl ux is lost per centimeter of tissue, thus, photon intensities 
detected by CCD cameras may not proportionately or suffi ciently refl ect endoge-
nous reporter gene expression in the inner organs of even small animals [ 48 ].   

3.2     Nuclear Medicine Reporter Imaging 

 Many radionuclides emitting positrons and gamma rays have been used for a diag-
nosis and therapeutic purpose. PET scanners produce the image of positron emitters 
such as F-18, C-11, and I-124. To generate planar images and tomography of gamma 
ray emitters, a conventional gamma camera and SPECT have been routinely used. 
I-131, I-123, In-111 and Tc-99m are the source of gamma emitters in these cases. 
For small animal studies, several small animal imaging instruments for nuclear 
imaging have been developed to meet the level of spatial resolution for the basic 
research requirement. Recently commercialized micro-PET scanners have resolu-
tion of ca. 2 mm 3 , and newly developed micro-SPECT systems have pinhole colli-
mators for high resolution [ 7 ]. Various positron and gamma ray emitting probes and 
reporter genes for nuclear imaging have been developed, but choices have to be 
made by particular situations considering unique advantages and disadvantages of 
each strategy (Fig.  23.3 ). 
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3.2.1     The Herpes Simplex Virus-1 Thymidine Kinase (HSV-tk) System 

 The HSV1-tk has been most widely used as a reporter gene for radionuclide based 
molecular imaging, and a therapeutic suicidal gene for targeted gene therapy. The 
expressed viral thymidine kinase (TK) phosphorylates thymidine to thymidine- 
monophosphate, which is then phosphorylate di- and/or tri-phosphorylated by many 
cellular kinases. These phosphorylated compounds can serve as inhibitors of DNA 
replication, blocking DNA polymerization, which leads to cell death. Unlike mam-
malian TK, HSV1-tk can phosphorylates modifi ed thymidine analogues, for exam-
ple, F-18 labeled 2′-fl uoro-2′-deoxy-1-β-D-arabinofuranosyl-5-iodouracil (FIAU). 
Phosphorylated FIAU cannot traverse the cellular membrane and it is retained in the 
cell. PET can detect HSV1-tk gene expression by visualizing positron emission 
from a reporter probe, F-18 labeled phosphorylated FIAU in this case. The magni-
tude of radioactive reporter probe accumulation refl ects HSV1-tk enzyme activity, 
which represents HSV1-tk gene expression. 

 Two types of substrates for HSV1-tk have been reported [ 6 ,  52 ], which are 
pyrimidine nucleoside derivatives and acycloguanosine derivatives. Pyrimidine 
nucleoside derivatives are similar to natural thymidine in their structure, and they 
can be more sensitive probes than acycloguanosine derivatives for HSV1-tk imaging. 
Pyrimidine nucleoside derivatives include FIAU, 2′-fl uoro-2′-deoxy-5-methyl- 1-β-
D-arabinofuranosyl-uracil (FMAU) and 2′-fl uoro-2′-deoxy-5-ethyl-1-β- D-arabino 
furanosyl uracil (FEAU). A tracer dose of these drugs with radioisotopes can be 
successfully utilized as a probe for monitoring HSV1-tk expression by taking 
advantage of high sensitivities of PET and SPECT [ 53 – 56 ]. Since HSV1-tk is less 
substrate specifi c, it can phosphorylate acycloguanosine derivatives. 
Acycloguanosine derivatives have been used, and newly developed anti-herpetic 
drugs, such as F-18 labeled acyclovir (ACV), ganciclovir (GCV), penciclovir 
(PCV), and 9-(4-fl uoro-3-hydroxymethylbutyl)-guanine (FHBG) have been found 
to accumulate better than older drugs in HSV1-tk transfected cells [ 55 ] (Fig.  23.5 ).

   A mutant HSV1-tk (HSV1-sr39tk) containing six amino acid substitutions, has 
been developed. Tumor uptake of F-18 PCV was elevated in C6 rat glioma cells 
stably transfected with mutant HSV1-sr39tk (C6-stb-sr39tk1+). The tumor uptake 
was 3.7 times higher than that of C6 cells with wild type HSV1-tk [ 57 ]. From the 
stable mammalian cell transfectants, sensitive clones were screened and selected, 
representing 43-fold more sensitive to ganciclovir and 20-fold more sensitive to 
acyclovir. This mutant HSV1-TK enzyme seems to use fl uorinated acycloguano-
sines more effectively compared to pyrimidine nucleoside derivatives as substrates. 
HSV1-sr39tk/F-18 FHBG offers more effective PET reporter gene/probe combina-
tion with higher sensitivity and higher selectivity. F-18 FHBG showed favorable 
pharmacokinetic profi les, not crossing the blood–brain barrier (BBB) and rapid 
renal clearance [ 58 ].  
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3.2.2     The Dopamine 2 Receptor (D2R) System 

 Since most thymidine kinase substrates do not cross the BBB very rapidly, the 
development of a new kind of reporter gene/probe has been requested. Dopamine 
D2 receptor (D2R) system has been introduced for this reason, which uses D2R as 
an imaging reporter gene and F-18-fl uoroethyl spiperone (FESP) as a radiolabeled 
probe [ 59 ]. D2R, found in striatum and pituitary, is a seven transmembrane domain 
protein with 415 amino acids [ 60 ]. Besides the crossing availability of FESP through 
BBB, quantitative PET signals from accumulated radioactive F-18 FESP in D2R 
expressing cells were reported to refl ect D2R expression [ 61 ]. However, this system 
has potential problems, resulting from an ectopic expression of D2R. High level of 
receptor expression cannot be achieved on cellular membrane because of the com-
petition with other receptors, and D2R can be occupied by endogenous natural 
ligands. Moreover, when a ligand activates D2R, cellular levels of cAMP may be 
affected, which could stimulate many unexpected signaling cascades. To prevent 
this, mutant strains of D2R have been developed, which will not activate such signal 
pathways [ 62 ].  

  Fig. 23.5    Schematic illustration of three type reporter gene expression used nuclear imaging 
modalities.  Stars  are radioisotope labeled substrates (enzyme) or ligands (receptor) or radioisotope 
itself (transporter type)       
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3.2.3     The Sodium/Iodide Symporter (NIS) System 

 Since conventional PET reporter gene imaging requires the complicated substrates 
and expensive PET equipment, the development of simpler and less expensive sys-
tem is requested [ 63 ]. The sodium iodide symporter (NIS) gene system which utilize 
iodide uptake driven by the sodium ion concentration gradient across the membrane 
has been shown to be the simplest and most applicable reporter system [ 64 ,  65 ]. In 
thyroid cells, sodium ion gradient is generated and maintained by the sodium–potas-
sium pump (Na+-K+ATPase). An iodide enters with two sodiums through a specifi c 
transporter, NIS. In addition to iodide, several other anions are transported by NIS, 
i.e., ClO 4  −  > ReO 4  −  > I − ≥SCN −  > ClO 3  −  > NO 3  −  in order of transport rates. Pertechnetate 
(TcO 4  − ) and perrhenate (ReO 4  − ) are also transported by NIS, and radioactive forms 
(Tc-99m or Re-188) of such anions are important in terms of nuclear medicine 
imaging and radionuclide therapy. The NIS gene was fi rst identifi ed in the rat by Dai 
and Carrasco in 1996 and the human equivalent (hNIS) was isolated with 84 % 
homology with rat NIS [ 66 ]. The hNIS gene consists of 15 exons interrupted by 14 
introns, and encodes a 3.9 kb mRNA transcript for 643 amino acids. NIS is an intrin-
sic membrane protein with 13 putative transmembrane domains, an extracellular 
N-terminal domain, and an intracellular carboxy domain. The level of NIS on the 
surface of cell membrane is proportional to total NIS protein level in cultured cells, 
and radioiodide uptake is also proportional to total NIS protein amount [ 67 ]. 

 NIS has many advantages as an imaging reporter gene because various probes 
are available, such as radioiodines and Tc-99m, and their metabolism are well 
understood. Unlike D2R or HSV1-tk system using radiolabeled ligand, NIS has no 
problem with associated labeling stability because NIS directly uses radioiodine or 
Tc-99m. In addition, NIS seems less perturb cells because iodide is not metabolized 
in most tissues and no adverse effects have been observed except for sodium infl ux. 
Availability of less immunoactive human origin gene is another important merit of 
NIS. Since NIS genes are expressed on cell surfaces, reporter probes can reach to 
the cells easily. Importantly, reporter gene imaging with NIS may be more conve-
nient, because most nuclear medicine departments have easily access to a gamma 
camera, SPECT, radioiodines, and Tc-99m. Nevertheless, NIS also has several limi-
tations. NIS occurs naturally at high concentrations in the thyroid, stomach, and 
urinary tract causing diffi culties of interpretating image. NIS system is also ham-
pered by the rapid effl ux of radionuclides from cells, but co-transfection with the 
thyroid peroxidase gene may improve radioiodine retention in target cells [ 68 ].  

3.2.4     The Somatostatin Receptor (SSTr) System 

 The somatostatin receptors (SSTr) are G-protein-linked receptors with seven trans- 
membrane domains. Among the six SSTr genes, the expression of SSTr2 is basi-
cally restricted to the pituitary [ 69 ]. Somatostatin binds to all hSSTr subtypes with 
high affi nity, and octreotide, a somatostatin analog peptide, binds to hSSTr2 with 
highest affi nity and lower affi nity to hSSTr1, hSSTr3, hSSTr4, and hSSTr5 [ 70 ]. 
Several types of radiolabeled octereotides have been developed, i.e., I-123 labeled 
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Tyr3-octereotide [ 71 ], Tc-94m Tyr3-octreotate [ 72 ], and In-111 DTPA-D-Phe- 
octereotide [ 73 ,  74 ]. Human ovarian tumor xenografts expressing human SSTr2 
with adenoviral vector, have been monitored by In-111 DTPA-D-Phe-octereotide-
binding in vivo and in vitro [ 75 ]. 

 However, natural expression of hSSTr2 and potential disturbance by an intracel-
lular ligand binding to hSSTr2 in a number of normal tissues are major fl aws of this 
system. A model epitope-tagged receptor was constructed by fusing hemagglutinin 
(HA) sequence of the infl uenza virus, which is novel and is not found in normal tis-
sues within the extracellular N-terminus of hSSTr2 gene [ 76 ]. Therefore, the HA 
epitope can be used as a specifi c marker for determining gene transfer.  

3.2.5     The Human Norepinephrine Transporter (hNET) System 

 The human norepinephrine transporter (hNET) is a transmembrane protein that is 
involved in the transport of norepinephrine analogs into cells at adrenergic nerve 
terminals. It has been used clinically for imaging myocardial sympathetic innerva-
tion and neural crest tumors using I-123, I-131 MIBG and C-11 ephedrine [ 77 ]. 
Major advantage of hNET as a reporter is its small gene size (<2 kb), which allow 
its easy incorporation into the expression cassette of the delivery vehicle [ 78 ]. In 
addition, this system is less immunogenic to human and safety of radiolabeled 
probes is confi rmed. Moreover, the slow clearance of tracer from gene-transfected 
tumors allows a “late imaging” paradigm after injecting I-124 MIBG. It was reported 
that tumors expressing hNET showed a tenfold higher accumulation of I-131 MIBG 
than control tumors in a nude mouse xenograft model. 

 However, low sensitivity and narrow dynamic range are the disadvantages of this 
system. In addition, only one reporter probe molecule can be retained per receptor 
molecule, which hinders signal amplifi cation. The feasibility of hNET as a reporter 
gene was evaluated using C-11 ephedrine, and only one of three hNET transduced 
tumors is managed to be visualized. At least 10 4  transduced T cells were required 
for the visualization of T cells injected into tumors by SPECT or PET [ 79 ].  

3.2.6     The Estrogen Receptor Ligand (ERL) System 

 A new reporter gene imaging system that uses F-18 labeled estradiol (FES) and a 
human estrogen receptor ligand (hERL) binding domain was designed by Furukawa 
et al. [ 80 ]. This system takes advantage of the fact that FES has an easy access to a 
wide range of tissues, including a brain. The endogenous level of hERL is relatively 
lower in tissues other than the uterus, ovaries, and mammary glands that provide a 
major advantage of this system. Lacking N-terminal activation and DNA binding 
domains, hERL loses its binding ability to target DNA, and can no longer work as a 
transcription factor, which is used as an imaging reporter. Estrogen receptor concen-
trations and FES tumor uptakes are well-correlated in human breast cancer [ 81 ], and 
cells, expressing estrogen receptors at a level of 3 pmol/mg protein, can be visual-
ized in vivo.   
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3.3     Magnetic Resonance Reporter Imaging 

 Recently developed micro-MRI units with higher tesla have made it possible to 
image small animals at higher resolution (~50 μm) [ 12 ]. Though MRI has not devel-
oped for reporter imaging, many trials have made on the development of new MRI 
reporters for imaging molecular events of interaction including the binding of spe-
cifi c MRI contrasting agents with specifi c surface receptors, proton exchange medi-
ated by enzymatic cleavage of functional group and the binding of metalloprotein or 
MRI contrasting agents [ 82 ,  83 ]. 

3.3.1     The Transferrin Receptor System 

 The transferrin proteins are easy to bind with iron, and the iron-loaded transferrin 
proteins rapidly binds to transferrin receptors. The transferrin receptor-transferrin-
 Fe complex is internalized by receptor mediated endocytosis. The iron is then 
released from the endosome by the acidic environment, and the released iron 
decreases T2 MRI signals. As a reporter gene, the transferrin gene was cloned and 
transfected into the target cells, showing elevated level of transferring receptor gene 
expression. Successful MRI was demonstrated using superparamagnetic iron oxide 
for imaging the expression of transferrin receptor [ 82 ].  

3.3.2     The Tyrosinase/Ferritin System 

 As another type of MRI reporter gene, the use of iron binding metalloprotein such 
as tyrosinase and ferritin has been suggested [ 84 – 86 ]. Tyrosinase is involved in 
melanin biosynthesis, and melanin has a higher affi nity to iron. The human tyrosi-
nase enzyme coded gene was successfully introduced and imaged in mouse fi bro-
blast by iron induced T1 hyperintensities in vitro [ 84 ]. As an iron reservoir, ferritin 
also has roles in MRI reporter imaging [ 85 ]. Successful delivery of transferrin trans-
gene using adenovirus was reported, and clear visualization was demonstrated in a 
rat glioma xenograft model [ 86 ].  

3.3.3     The LRP System 

 Recent advances in cloning techniques allow the development of new reporter con-
structs. Nonmetallic, biodegradable MRI reporter gene encoding lysine rich protein 
(LRP) is the prototype of a potential family of genetic engineered reporter, express-
ing artifi cial proteins with frequency-selective contrast [ 87 ,  88 ]. The endogenous 
contrast is based on the transfer from amide protons or LRP to water protons, and 
this proton exchange reduces MRI signal intensity. Different changes of MRI signal 
intensity between control and LRP-expressing xenografts in mice demonstrated that 
LRP is a potential reporter for MRI [ 88 ].    
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4     Multimodality Imaging for Small Animal 
Molecular Imaging 

 Because each imaging technology has unique advantages and disadvantages, it is 
useful to develop multimodal reporter gene system and detectors compatible with 
several imaging modalities. PET/bioluminescent imaging appears to be the most 
amenable technology because PET can provide 3D images and allow quantitative 
analyses of reporter expression, and optical bioluminescent imaging can easily and 
rapidly produce bi-dimensional images with high sensitivity [ 89 ]. The development 
of instruments for combined modality, such as microPET/microCT and micro-
SPECT/microCT, has been increased [ 90 ], and instruments that permit concurrent, 
coregistered optical imaging as well as nuclear medicine imaging are under devel-
opment. These multimodal instruments should provide convenient and sensitive 
means of bioluminescent noninvasive reporter gene imaging with the advantage of 
different modalities. 

 For generating multimodal reporter gene system, several strategies are being 
used to link the expressions of multiple reporter genes (Fig.  23.6 ). Most genomic 
DNA is involved in the regulation of gene expression, which can be exercised at 
the transcriptional level or at the post-translational level. Many genes contain 
more than one promoter, and the activity of a particular promoter may be specifi c 
to a diseases process. These types of promoter are of particular interest. First 
because they are a part of the molecular signature of the pathological process 
concerned, and second, they are potentially useful as specifi c promoters for gene 
therapy.

   Dual promoter or co-administration approach may be used according to the pur-
pose of research, but the level of expression is relatively low and not controllable. 
The most widely used strategy is bi-cistronic approach using an internal ribosomal 
entry site (IRES) sequence between the two genes. Both genes are then transcribed 

  Fig. 23.6    Strategies of promoter-reporter gene constructs for monitoring gene expression. P1, P2 
are promoter/enhancer sequences; Gene1, Gene2 can be reporter gene; internal ribosomal entry 
site (IRES); ribosomal skipping 2A sequence from foot-and-mouth disease virus (F2A), equine 
Rhinitis A virus, porcine teschovirus-1 (P2A) and Thosea asigna virus (T2A)       
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into a single mRNA, and later translated into two different proteins. However, 
biscistronic approach including IRES system, has demonstrated that a biased 
expression of the two transgenes with the second gene is under expressed [ 91 ,  92 ]. 
As an alternative option for multiple reporter gene expressions is the use of ribo-
somal skipping via 2A peptides [ 93 ,  94 ]. Several viruses use 2A peptides to mediate 
protein cleavage, including foot-and-mouth disease virus (F2A), equine Rhinitis A 
virus, porcine teschovirus-1 (P2A) and Thosea asigna virus (T2A). The 2A peptide 
consensus motif (DVEXNPGP) is extremely rare and is associated with cleavage- 
like activity through a ribosomal skip mechanism; the 2A peptide impairs normal 
peptide bond formation without affecting the translation of other gene. 2A peptides 
have been shown to initiate the production of up to four proteins both in vitro and 
in vivo [ 94 ]. 

 Another strategy involves the use of a fusion gene vector, whereby two genes are 
connected, and their coding sequences are in the same reading frame to generate a 
single protein. Fusion between the two reporter genes, such as fLuc and GFP or its 
color shift variants allow a dual mode of optical imaging. This has been convention-
ally used to monitor the biological process in vitro. Since the fusion of engineered 
eGFP with other reporter gene, such as fLuc or NIS gene, has provided successful 
employment without changing their functional properties. Chimeric fusion genes or 
bi-cistronic vectors have been used for the noninvasive imaging of reporter gene 
expression, monitored by bioluminescence and fl uorescence, microPET and fl uo-
rescence, microPET and bioluminescence, and by microPET, fl uorescence and bio-
luminescence [ 95 – 98 ].  

5     Application of Small-Animal Molecular Imaging 

5.1     Monitoring Gene Therapy with Targeted Gene Expression 

 Linking molecular imaging to gene therapy could allow real-time assessments of 
therapeutic effi cacy, and also linking an imaging reporter gene with a therapeutic 
gene could become a general approach to the monitoring of the in vivo expression 
of the therapeutic gene. For example, HSV1-TK was designed to kill target cells in 
the presence of pharmacologic concentrations of these prodrugs (suicide gene ther-
apy). The location and magnitude of HSV1-tk gene expression can be monitored 
repeatedly by PET, using either F-18 FEAU, FHBG or I-124 FIAU [ 52 ,  56 ,  57 ]. NIS 
expression has been used in both imaging thyroid cancer and concentrating I-131 in 
cancer cells. NIS has also been investigated as an exogenous therapeutic gene that 
kills target cells in the presence of pharmacologic concentrations of I-131 or Re-188 
(radionuclide gene therapy). Exogenous NIS gene expression can be determined 
with radioiodines or Tc-99m pertechnetate [ 65 ,  67 ,  68 ].  
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5.2     Monitoring Endogeneous Gene Expression 

 Several investigators have designed specifi c reporter gene constructs named, “The 
Cis-Promoter/Enhancer Reporter Gene System” under the control of upstream pro-
moter/enhancer elements, possessing binding sites for specifi c transcription factors. 
Once a promoter/enhancer element has been activated due to the expression or acti-
vation of an endogenous gene product, imaging reporter gene expression occurs, 
thus enabling visualization. Using cis-promoter/enhancer imaging reporter genes, 
some intracellular biological events, such as, the activation of specifi c signal trans-
duction pathways and nuclear receptors can be visualized. 

 The visualization of endogenous p53, an important anti-oncogenic gene, is a 
good example of endogenous gene expression [ 98 ,  99 ]. In this study, we used the 
p53RE-hNIS reporter system, in which the hNIS reporter gene is expressed under 
the control of an artifi cial enhancer p53 responsive element (p53RE). Adriamycin 
was used to induce the enhanced expression of endogenous p53, and adriamycin 
treated cells were found to accumulate more I-125 than non-treated cells. 
Xenografted tumors of these cells also showed increased radionuclide accumulation 
after adriamycin treatment (Fig.  23.7 ).

5.3        Visualizing Intracellular Biologic Phenomenon 

 For TGF-beta receptor imaging, HSV1-tk/GFP fusion retroviral reporter vector con-
trolled by a promoter with a Smad binding site was constructed. When TGF- beta 
binds to its receptor, a specifi c intracellular signal transduction pathway is activated 
and the production of several Smad proteins occurs. In vivo images were acquired 
using a mouse xenograft model with cancer cells having reporter construct. I-124 
FIAU images visualized target tumors after injecting TGF-beta, indicating the pres-
ence of Smads and the successful TGF-beta signal transduction in tumors. 

 Our group also generated images of the activities of estrogen and retinoic acid 
nuclear receptors, using a cis-enhancer reporter imaging system with an internal 
ribosome entry site (IRES) [ 100 ,  101 ]. NIS and luciferase genes were linked with 
IRES to express simultaneously two reporter genes under the control of a cis-acting 
retinoic acid responsive element (RARE). I-125 uptake and bioluminescent inten-
sity were observed to increase after retinoic acid treatment by scintigraphic and 
optical bioluminescent images (Fig.  23.8 ).

5.4        Monitoring Tumor Mass and Metastases 

 The expression of a noninvasive reporter imaging gene in small animals offers 
excellent opportunities to understand cancer progression, metastasis, and therapy. 
Individual animals can be visually monitored for tumor burden at primary sites, and 
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the differences in tumor progression rates can be distinguished by reporter imaging. 
The possibility of metastases can be investigated, and individual responses to alter-
native therapies can be repeatedly monitored. Moreover, therapies can be altered 
and the consequences of these alterations observed. 

 Using animal models, the effects of anticancer therapeutic regimens can be easily 
monitored using a gamma camera system and radioiodine or Tc-99m with NIS gene 
expression. We found an excellent correlation ( R  2  = 0.99) between the accumulated 
radioiodine activity in cells and numbers of viable cancer cells [ 102 ]. It is likely that 
radioactivity refl ects viable cancer cell numbers more accurately than tumor weight, 
because tumor tissues contain immune cells, necrotic, and fi brous tissues as well as 
cancer cells. In addition, our group developed a lentiviral vector system carrying sodium 
iodide symporter (hNIS) gene under UbC promoter to establish stable and long-term 
gene expression in vitro and in vivo and subsequently demonstrated a marked therapeu-
tic effect by radioiodine gene therapy using I-131 in a tumor xenograft model [ 103 ].  

  Fig. 23.7    Relation between p53 gene expression and the accumulation of radioiodines in SK-Hep1 
cells expressing p53RE-hNIS (SK-Hep1p53NIS) after adriamycin treatment. ( a ) Dose dependent 
induction of p53RE-hNIS by adriamycin treatment. After 24 h, 125-I uptake of cells was increased 
with the adriamycin dose. Western blot analysis for total p53 and activated p53 (p53-Ser15) pro-
tein levels and their dependence on adriamycin dose in SK-Hep1p53NIS cells. Expressions of total 
p53 and activated p53 protein were increased in a dose-dependent manner by adriamycin treatment 
in SK-Hep1p53NIS cells. ( b ) Scintigraphic image of endogenous p53 activation. Tumors were 
established in vivo by s.c. injection into four different nude mice sites: 1 × 10 7  of SK-Hep1 ( a , 
negative control); SK-Hep1p53NIS ( b , 5 × 10 6 ;  c , 1 × 10 7 ;  d , 2 × 10 7 ). After 7 days, planar scinti-
graphic images of [ 99m Tc]-pertechnetate uptake before and after treatment of adriamycin (2 mg/kg) 
in the same mouse were obtained. Scintigraphies showed increased uptake of [ 99m Tc]-pertechnetate 
in test tumors (SK-Hep1p53NIS) after adriamycin treatment compared with the control tumor 
(SK-Hep1). ( c ) Intensity ratio of SK-Hep1p53NIS to SK-Hep1 in mice ( n  = 5) before and after 
adriamycin treatment. When adriamycin was given to these mice, signifi cantly higher [ 99m Tc]-
pertechnetate uptake was observed in SKHep1p53NIS than in SK-Hep1 xenografts ( p  < 0.05) or in 
nontreated SK-Hep1p53NIS xenografts (*,  p  < 0.05, modifi ed from [ 99 ])       
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  Fig. 23.8    Noninvasive and repetitive Tc-99m accumulation imaging by NIS ( a ) and biolumines-
cence imaging by luciferase ( b ) to the response of RA in nude mice bearing SK-HEP1 and 
SK-RARE/NL tumors. Xenograft tumors derived from SK-HEP1 ( a , 1 × 10 7  wild-type) and 
SK-RARE/NL cells ( b , 1 × 10 6 ;  c , 1 × 10 7 ;  d , 1 × 10 8 ) were grown in male nude mice. Serial planar 
gamma camera images of nude mice before all trans retinoic acid (ATRA) oral administration and 
24 or 48 h after treatment were taken ( Thy  thyroid,  St  stomach,  Bl  bladder). Xenograft tumors 
derived from SK-HEP1 ( a , 8 × 10 6  SK-HEP1 cells) and SK-RARE/NL cells ( b , 1 × 10 6  cells;  c , 
4 × 10 6  cells;  d , 8 × 10 6 ) were grown in three male nude mice by subcutaneous injection. Three 
days after injection, mice were imaged at 20 min after i.p. injection of luciferin (no treatment). 
After mice were treated with ATRA orally, mice were again imaged for time-dependent luciferase 
expression at 24 and 48 h. After 24 and 48 h after systemic ATRA administration, elevated 
Tc-99m uptake and bioluminescent images were observed than those of no treated tumors 
 (modifi ed from [ 100 ])       
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5.5     Evaluation Cell Therapy 

 Small animal molecular imaging can also be applied to monitoring in vivo 
 distributions of immune and stem cells. The imaging of targeted T-cell traffi cking 
using optical luciferase bioluminescence imaging has been demonstrated in several 
models of autoimmunity, including collagen-induced arthritis [ 104 ] and experimen-
tal autoimmune encephalomyelitis [ 105 ]. In addition, the transplantation of cells, 
such as, stem cells or progenitor cells, into damaged tissues has tremendous poten-
tial for the treatment of a number of disorders. Once stem cells have been adminis-
tered systemically or locally, they may be able to migrate and repopulate pathologic 
sites. Three important aspects of cellular implants, i.e., cell tracking, cell viability, 
and cell numbers can be monitored by molecular imaging [ 106 ]. For example, the 
locations, numbers, and survival duration of embryonic cardiomyoblasts in rat have 
been noninvasively monitored using HSV1-tk and luciferase gene as an imaging 
reporter [ 107 ]. Neural stem cell migration was also demonstrated with the NIS and 
luciferase genes [ 108 ]. The successful differentiation and functional maturation of 
neuronal stem cells were also visualized using NIS-Luc gene controlled by neuron 
specifi c enolase (NSE) promoter, which induces neural differentiation [ 109 ]. 
Recently, the translation into a large animal model was successfully performed for 
evaluating the possibility of clinical application. Though in vivo imaging of trans-
planting mesenchima stem cell in porcine heart provides sign of infl ammation 
[ 110 ], this kind of pilot study could provide precious information toward future 
clinical trials.  

5.6     Identifying Drug Target and Preclinical Testing 

 Small animal gene expression imaging techniques provide a new means of identify-
ing drug targets and of preclinical testing. The ability to noninvasively image endog-
enous gene expression and various intracellular biologic phenomena, such as signal 
transduction, nuclear receptor activation, and protein–protein interactions, has 
important implications for drug discovery. Current imaging strategies, based on a 
suitable reporter or imaging probes, can provide new information on the level, tim-
ing, and duration of action of many biologically active gene products. The selection 
of optimal probes or promoters for reporter gene expression control should be care-
fully considered when monitoring the effects of drugs on cells. Reporter gene 
expression imaging has emerged as a useful means of monitoring tumor growth and 
regression in preclinical models at subcutaneous, orthotopic, or intraperitoneal sites 
[ 111 ,  112 ]. For example, we reported that genotoxic stress, such as that induced by 
doxoribicin, enhanced transgene expression via NF-kB activation, and strong viral 
promoter (cytomegalovirus promoter) has consensus binding sites for NF-kB in its 
enhancer region [ 113 ].   
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6     Conclusion 

 The remarkable efforts that are made on molecular imaging technologies  demonstrate 
its potential importance and range of applications. Continued improvements in the 
instrumentation, the identifi cation of novel targets and genes, and the availability of 
improved imaging probes, should be made, and multimodal imaging probe should 
provide easier transition between laboratory studies including small animal study 
and clinical application. The generation of disease-specifi c animal models, and the 
developments of target-specifi c probes and genetically encoded reporters are 
another important component. For this reason, the multidisciplinary team approach 
becomes increasingly important, and effective communication and cooperation 
within such teams are essential requirements of success. 

 In conclusion, molecular imaging embraces proteomic, metabolic, cellular bio-
logic processes, and genetic imaging. Several imaging probes and reporter genes 
have been developed, and successful transitions from bench to bedside have already 
occurred [ 114 ,  115 ]. Unique roles of small animal molecular imaging allow us to 
increase our knowledge on the critical biological pathways involved in disease pro-
gression by characterizing biological processes or tumor properties, and provide 
bridges to clinical application, i.e., in diagnosis, staging, determination of therapeu-
tic targets, monitoring therapy, and in the evaluation of prognoses.     
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1            Introduction 

 The gauntlet for a new drug to succeed is a daunting one. The reduction in the time 
and cost required for modern drug discovery and development serves as a crucial 
need. An important element to accelerate drug discovery and development process 
is the rapid identifi cation of promising drug candidates as opposed to the non- 
starters before unnecessary vast sums are invested. The aim of molecular imaging is 
to precisely visualize, characterize, and measure biological processes at the molecu-
lar and cellular levels in humans and other living systems [ 1 ]. By introducing 
molecular imaging probes into traditional diagnostic imaging techniques, research-
ers can determine the expression of indicative molecular markers at different stages 
of diseases. The introduction of new imaging probes, methods, and advanced imag-
ing instrumentation is signifi cantly speeding up the processes of drug discovery and 
development. The convergence of innovations has created more sensitive, specifi c 
and higher resolution measurements within living organism, especially small ani-
mals. This is expected to improve a wide range of discovery activities such as target 
biology, compound screening, pharmacokinetics (PK), and pharmacodynamics 
(PD) evaluation in animal disease models and, eventually, clinical trials. 
In this chapter, we will summarize and evaluate the applications of various advanced 
small animal imaging techniques in drug development process.  
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2     Overview of Drug Development 

 As shown in Fig.  24.1 , on average, for ~10,000 compounds evaluated in preclinical stud-
ies, about fi ve compounds enter clinical trials and about one compound fi nally receives 
regulatory approval by the FDA [ 2 ]. The mean time from synthesis of a new compound to 
marketing approval in the United States is 14.2 years, which can be broken down into 
pre-clinical development, Phase I testing, Phase II testing, Phase III testing, and FDA 
approval [ 3 ]. The cost of advancing a drug to the point of applying for FDA approval has 
been estimated to be $802 million based on a survey of ten pharmaceutical fi rms in 2001 
and was estimated to be $1.9 billion in 2013 [ 4 ]. Therefore, both the time and cost need to 
be minimized for the modern drug discovery and development processes.

   Early drug development involves several phases from target identifi cation to 
preclinical development [ 5 ]. Currently, target identifi cation is the most important 
step in the arduous process of drug development, especially in the post-genomic era 
which the number of potential protein targets is in the hundreds of thousands, up 
from the mere hundreds of potential targets under study before the sequence became 
available. The identifi cation of small molecule modulators of protein function and 
the process of transforming these into high-content lead series are key activities in 
modern drug discovery. The next step is target validation, which usually occurs 
through a number of proteomics methods including two-dimensional gel separation 
of protein mixtures followed by mass spectrometry (2D-MS), transcriptional profi l-
ing of mRNAs and functional screening [ 6 ]. More often, the process of fi nding a 
new drug against a chosen target for a particular disease usually involves high- 
throughput screening (HTS), wherein large libraries of chemicals are tested for their 
ability to interact with the target [ 7 ]. After HTS, one or more pharmacophores can 
be developed if these compounds share common chemical features. Certain features 
of the lead compound such as affi nity, specifi city and pharmacokinetic properties of 
the molecule can be improved through using structure-activity relationships (SAR) 
[ 8 ,  9 ]. Structure can be determined by nuclear magnetic  resonance (NMR) spectros-
copy or through  high-throughput X-ray crystallography [ 10 ]. 

  Fig. 24.1    The drug development process. Reproduced with permission from [ 23 ]       
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 The hit-to-lead phase is usually the follow up of HTS, including hit confi rma-
tion, hit explosion, lead generation, and lead optimization [ 11 ]. Hit confi rmation 
will retest compounds with the same assays performed in HTS as well as alterna-
tive assays to confi rm the activity against the selected target and generate a dose 
response curve to calculate half maximal inhibitory concentration (IC 50 ) and half 
maximal effective concentration (EC 50 ) values. Once the compounds of acceptable 
affi nity and selectivity are identifi ed, their physical properties, i.e., solubility, pKa, 
logP (the logarithm of the partition coeffi cient) and passage through a monolayer 
of Caco-2 cells, are then determined. Each of those parameters is critical and can 
be a reason for the failure of a given drug candidate. Drug metabolism is then stud-
ied in the hepatocytes in which later toxicology studies will be performed. 
Following hit confi rmation, several compound clusters will be chosen according to 
their characteristics in the previously defi ned tests. Drug–drug interactions are 
assayed and then the absorption, distribution, metabolism and excretion (ADME—
pharmacokinetics) of the candidate drug are determined in rodents and in other 
species. Further characterization involves radiolabeling the drug candidate and per-
forming whole-body autoradiography and toxicokinetics, the correlation of changes 
in plasma and tissue concentrations with toxicity. At this point the drug candidate 
is ready to enter clinical trials. Phase I clinical trials consist of determining a safe 
dose of the drug candidate in healthy volunteers, and in phase II the drug candidate 
is administered to patient volunteers to evaluate effi cacy and search for side effects. 
Effectiveness is further monitored in phase III, as is the presence of long-term side 
effects. As described in the following section, small animal molecular imaging can 
be used at various stages in the drug development process, which may help reduce 
attrition rates and allow the selection of the most promising drug candidates early 
on in development.  

3     Small Animal Molecular Imaging 

 Experimental small animals include rodents, birds, snakes and other animals with 
a head or body diameter <5 cm. Among them, the mouse remains the premier ani-
mal model for biomedical research because they are accessible, easy to maintain, 
have a short reproductive cycle, and are easily genetically manipulated. The human 
and mouse genomes are highly homologous, thus knowledge of the complete gene 
sequence of another mammal will enable the construction of relevant animal mod-
els of human disease at an unprecedented rate and with high specifi city [ 12 ]. 
Moreover, transgenic animals have been made to contain a corresponding mutation 
for many human genetic diseases for which a specifi c gene has been identifi ed and 
characterized. Transgenic animals are used to study the effects of genetic muta-
tions on development, immunity, host response and other metabolic diseases [ 13 ,  14 ]. 
Orthotopic xenograft models provide a more physiologic microenvironment for 
tumors [ 15 ]. So far, the rodent models provide the best fi rst guess at drug  candidate 
pharmacokinetics and effects. 
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 Small animals are prerequisite in several steps of drug development including 
target identifi cation/validation and following pharmacodynamics and pharmaco-
kinetics study and toxicity study. Conventionally, invasive tissue or body fl uid is 
sampled for laboratory-based analysis of pharmacokinetic information and thera-
peutic endpoints. Plasma and tumor samples can be assessed by a range of assays, 
including northern and western blotting, enzyme-linked immunosorbent assay 
(ELISA), immunohistochemistry, real-time polymerase chain reaction (RT-PCR), 
and gene expression microarrays. However, the selection bias and the low sensi-
tivity of traditional immunohistochemical techniques for identifying partial, 
rather than complete reductions in protein expression limit the feasibility of such 
studies [ 16 ]. Therefore, there has been growing interest in the use of non-invasive 
functional and molecular imaging techniques in the process of drug discovery. 
This is especially important given the recent shift in oncology drug discovery 
from conventional cytotoxic agents to novel agents acting on specifi c molecular 
targets [ 5 ]. The recognition that the latter class of drugs may be more likely to be 
cytostatic than cytotoxic means that the traditional methods of evaluating antitu-
mor activity by reduction in tumor size [ 17 ,  18 ] may no longer be appropriate or 
adequate [ 19 ]. For example, imaging endpoints included in clinical trials, such as 
the RECIST (Response Evaluation Criteria in Solid Tumors) criteria, rely on ana-
tomic changes to assess the effi cacy of antitumor drugs, with progression defi ned 
as a 20 % increase in tumor long axis diameter [ 20 ]. But physiologic changes 
detected with molecular imaging techniques antedate anatomic changes and 
should be more sensitive in assessing effi cacy [ 21 ]. 

 Molecular imaging usually exploits specifi c molecular probes as well as intrinsic 
tissue characteristics as the source of image contrast, and provides the potential for 
understanding of integrative biology, earlier detection and characterization of dis-
ease, and evaluation of treatment [ 22 ]. Imaging technologies can yield tremendous 
amounts of high quality experimental data per protocol by increasing the number of 
times that quantitative data can be collected, and guiding tissue sampling for subse-
quent biochemical or histological analyses, resulting in a rapid and powerful com-
bination of analyses. By imaging the whole animal at multiple time points, 
researchers can better understand disease pathology, pharmacokinetics and other 
contextual aspects of the biomolecular processes taking place in the living animal. 
The images can provide both the structural and functional information under physi-
ologic conditions, mimicking the situation observed in the clinic. In addition, non- 
invasive and repetitive study of the same living subject at different time points 
decreases statistical variance and reduces the number of animals required and cost 
[ 23 ]. Pharmacokinetic knowledge obtained from imaging enables continuous moni-
toring of the disposition of the drug candidate, not just snapshots of the plasma 
concentration of the unmetabolized component, which may have little relevance to 
the concentration of the drug candidate at the intended site of action. Use of molecu-
lar imaging techniques in early phases of drug development can: (1) identify spe-
cifi c molecular targets; (2) provide information on the optimal biological dose and 
PK/PD relationships; and (3) provide in vivo PD evaluation of compounds [ 24 ]. 
Such information will help answer several key questions in drug discovery and 

G. Niu and X. Chen



719

development, especially targeted therapy. For example, as anti-cancer strategies 
become more directed towards a defi ned molecular target, real-time information 
relevant to whether the molecular target is expressed, the selectivity and binding of 
the compound for that target, and the effects of such an interaction is required. 

 Consequently, molecular imaging of small animals has begun to play important 
role in identifying new targets, validating in vivo targets, accelerating drug develop-
ment, and halting compound development early if it proves not to have the desired 
mechanism and appropriate PK and PD characteristics. In the following section, we 
will address several important aspects of the role of small animal molecular imaging 
in the drug discovery and development process after brief discussion of several 
routinely used molecular imaging modalities. 

 The advance of various small animal modalities is discussed in other chapters in 
this book. In general, most of the diagnostic techniques that are routinely used in 
clinics have a counterpart in the experimental research setting, which include com-
puted tomography (CT), positron emission tomography (PET), single-photon emis-
sion computed tomography (SPECT), magnetic resonance imaging (MRI) and 
ultrasound. Moreover, several imaging modalities have developed to use more 
appropriately in small animals such at optical imaging (bioluminescence imaging 
and fl uorescence imaging), photoacoustic imaging, and intravital microscopy [ 22 ]. 
For preclinical evaluation, the imaging technique must have adequate spatial resolu-
tion for small animals (mainly in the range of 10–100 μm to mm) and sensitivity to 
detect biochemical events (mainly in the range of millimolar to nanomolar), as well 
as small clinically relevant changes over time. Each imaging modality has certain 
advantages as well as limitations, and the choice for an imaging modality, or com-
bination of techniques, is determined by the specifi c biological questions being 
asked. In general, the different imaging techniques are more complementary than 
competitive [ 23 ]. Therefore, many hybrid systems that combine two or more modal-
ities are commercially available to take the synergistic advantage, while others are 
under active development [ 25 – 27 ]. Computer software and algorithms have also 
been developed to allow co-registration of different imaging modalities [ 28 ]. 
Continued development and wider availability of scanners dedicated to small ani-
mal imaging studies will enable the smooth transfer of knowledge and molecular 
measurements between species, thereby facilitating clinical translation.  

4     Applicatons of SAMI in Drug Development 

4.1     Target Identifi cation/Validation 

 The target identifi cation/validation stage during drug development aims to elucidate 
of pathophysiology of the underlying mechanism under study. For example, epider-
mal growth factor receptors (EGFR or HER-2) overexpression during tumorigenesis, 
VEGF/VEGFRs overexpression during angiogenesis, hypoxia- inducible factor-1 
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(HIF-1a) expression during hypoxia, or overexpression of the prostate  specifi c mem-
brane antigen (PMSA) in prostate cancer. Molecular imaging allows detection of spe-
cifi c targets in vivo, including assessment of the presence of the targets, as well as the 
quantifi cation of their spatial and temporal distribution. A target may be a single key 
protein or a particular pathway related to certain pathologic process [ 29 ]. For exam-
ple, epidermal growth factor receptor 2 (HER-2) is a cell membrane surface-bound 
receptor tyrosine kinase [ 30 ]. Overexpression of HER-2 increases cell proliferation, 
anchorage-independent cell growth, cell migration, and invasiveness [ 31 – 33 ]. HER-2 
overexpression has been detected in up to 30 % of breast and ovarian cancers [ 34 ] and 
overexpression of HER-2 has been correlated with invasive and poor prognostic fea-
tures [ 35 ]. Due to its crucial role in carcinogenesis and tumor progression, HER-2 has 
been intensively investigated as a target for cancer therapy with specifi c antibodies 
including trastuzumab (Herceptin, Genentech, Inc., San Francisco, CA) [ 12 ] and per-
tuzumab (Omnitarg, rhu mAb- 2C4, Genentech) [ 36 ], and small molecular tyrosine 
kinase inhibitors (TKIs) such as Lapatibib [ 37 ]. With  111 In labeled murine monoclonal 
antibody SV2-61r that recognizes the extracellular domain of HER-2, HER-2 positive 
tumors in nude mice were localized well with a gamma camera [ 38 ]. Tumor expres-
sion of HER-2 in animal models also successfully visualized by both SPECT imaging 
using  125 I (t 1/2  = 59.4 d) and  111 In (t 1/2  = 67.2 h) labeled affi bodies [ 39 ,  40 ] and PET 
imaging using  68 Ga (t 1/2  = 68 min) labeled antibody fragments [ 41 ,  42 ]. 

 Another example is endothelial growth factor and receptor (VEGF/VEGFR), 
which has been identifi ed as anti-angiogenesis target for cancer therapy. Development 
of VEGF- or VEGFR-targeted molecular imaging probes could serve as a new para-
digm for the assessment of anti-angiogenic therapeutics and for better understand-
ing the role and expression profi le of VEGF/VEGFR in many angiogenesis-related 
diseases. Due to the soluble and more dynamic nature of VEGF, imaging VEGF 
expression is very diffi cult. The more rationale design is to use radiolabeled VEGF 
isoforms for SPECT or PET imaging of VEGFR expression. With SPECT imaging, 
recombinant human VEGF 121  was labeled with  111 In for identifi cation of ischemic 
tissue in a rabbit model, where unilateral hind-limb ischemia was created by femo-
ral artery excision [ 43 ]. VEGF 121  has also been labeled with  99m Tc through an 
“Adapter/Docking” strategy and the tracer was tested in a murine mammary carci-
noma with tumor uptake of about 3 %ID/g [ 44 ,  45 ]. Cai et al. have labeled VEGF 121  
with  64 Cu for PET imaging of tumor angiogenesis and VEGFR expression [ 46 ]. 
MicroPET imaging revealed rapid, specifi c, and prominent uptake of  64 Cu-DOTA- VEGF 121

     
(~15 %ID/g) in highly vascularized small U87MG tumor with high VEGFR-2 
expression but signifi cantly lower and sporadic uptake (~3 %ID/g) in large U87MG 
tumor with low VEGFR-2 expression (Fig.  24.2 ). This study also demonstrated the 
dynamic nature of VEGFR expression during tumor progression in that even for the 
same tumor model, VEGFR expression level can be dramatically different at differ-
ent stages. Successful demonstration of the ability of  64 Cu-DOTA-VEGF 121  to visu-
alize VEGFR expression in vivo should allow for clinical translation of this tracer 
to image tumor angiogenesis and to guide VEGFR-targeted cancer therapy. 
All VEGF-A isoforms bind to both VEGFR-1 and VEGFR-2 [ 47 ]. In the imaging 
studies reported to date, specifi city to either VEGFR-1 or VEGFR-2 has rarely been 
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achieved as most of the tracers are based on VEGF isoforms. Recently, a VEGFR-
2- specifi c PET tracer has been developed using the D63AE64AE67A mutant of 
VEGF 121  (VEGF DEE ) generated by recombinant DNA technology. The renal uptake 
of  64 Cu-DOTA-VEGF DEE  was signifi cantly lower than that of  64 Cu-DOTA-VEGF 121  
as rodent kidneys expressed high levels of VEGFR-1 based on immunofl uorescence 
staining [ 48 ]. With radioisotopes labeled anti-VEGF antibody, SPECT or PET 
imaging of VEGF has also been performed [ 49 ]. Whole- animal PET imaging stud-
ies revealed a high tumor-to-background contrast [ 50 ].

   Integrins, a family of cell adhesion molecules related to angiogenesis, are also 
intensively investigated mainly with RGD based imaging probes. First in vivo appli-
cation of radioiodinated RGD peptides revealed the receptor-specifi c tumor uptake 
but also predominantly hepatobiliary elimination, resulting in high activity concentration 
in the liver and small intestine [ 51 ]. Consequently, several strategies to improve the 
pharmacokinetics of radiohalogenated peptides have been studied including conjuga-
tion with sugar moieties, hydrophilic amino acids and polyethylene glycol (PEG) 

  Fig. 24.2    Serial microPET scans of large and small U87MG tumor-bearing mice injected intrave-
nously with 5–10 MBq of  64 Cu-DOTA-VEGF 121 . Mice injected with  64 Cu-DOTA-VEGF 121  30 min 
after injection of 100 μg VEGF 121  are denoted as “Small tumor + block”. Reproduced with permis-
sion from [ 46 ]       
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[ 52 – 54 ]. Besides radiohalogenated RGD peptides, a variety of radiometalated tracers 
have been developed as well, including peptides labeled with  111 In,  99m Tc,  64 Cu,  90 Y, 
 188 Re and  68 Ga [ 55 – 58 ]. Most of them are based on the cyclic pentapeptide and are 
conjugated via the γ-amino function of a lysine with different chelator systems, like 
DTPA, the tetrapeptide sequence H-Asp-Lys-Cys-Lys-OH, 
1,4,7,10-tetraazacyclododecane-N-N″-N″-N′″-tetraacetic acid (DOTA) and 
1,4,7-triazacyclononane- 1,4,7-triacetic acid (NOTA). While all these compounds 
have shown high receptor affi nity and selectivity and specifi c tumour accumulation, 
the pharmacokinetics of most of them still have to be improved [ 59 ]. Therefore, mul-
timeric RGD peptides have been developed in order to provide more effective antago-
nists with better targeting capability and higher cellular uptake through the 
integrin-dependent endocytosis pathway [ 60 ]. The underlying rationale is that the 
interaction between integrin α v β 3  and RGD-containing ECM-proteins involves multi-
valent binding sites with clustering of integrins. Our group has developed a series of 
multimeric RGD peptides labelled with  18 F or  64 Cu for PET imaging, using PEGylation 
and polyvalency to improve the tumor-targeting effi cacy and pharmacokinetics [ 56 , 
 61 – 64 ].  18 F-FB-E[c(RGDyK)] 2  (abbreviated as  18 F-FRGD2) showed predominantly 
renal excretion and almost twice as much tumor uptake in the same animal model 
compared with the monomeric tracer  18 F-FB-c(RGDyK) [ 61 ,  62 ]. Tumor uptakes 
quantifi ed by microPET scans in six tumor xenograft models correlated well with 
integrin α v β 3  expression level measured by SDS-PAGE autoradiography. The tetra-
meric RGD peptide-based tracer,  64 Cu-DOTA-E[E[c(RGDfK)] 2 ] 2 , showed signifi -
cantly higher receptor binding affi nity than the corresponding monomeric and dimeric 
RGD analogues and demonstrated rapid blood clearance, high metabolic stability, 
predominant renal excretion and signifi cant receptor-mediated tumor uptake with 
good contrast in xenograft-bearing mice (Fig.  24.3 ) [ 65 ].

   Currently, there is already a large library of imaging probes that are directed 
against a large number of known targets and molecular imaging allows confi rmation 
of many targets for drug development. However, for relatively new targets, this 
direct approach requires synthesizing a new customized imaging probe, and the 
sensitivity and specifi city of detection and interaction with the target need to be 
characterized individually. This can often be laborious, costly and time-consuming 
[ 23 ]. For currently available imaging probes, much research is needed in the future 
to improve the in vivo stability, target affi nity/specifi city, and pharmacokinetics. 
Another key problem is that quantitative imaging is highly desirable instead of qual-
itative imaging. Although it is generally assumed that non-invasive imaging results 
correlate with the target expression level, such assumption has not been extensively 
validated. In most reports, two tumor models are studied where one acts as a posi-
tive control and the other as a negative control. Such correlation is critical for evalu-
ation of target expression level and future treatment monitoring applications, as it 
would be ideal to be able to monitor the changes in the target expression level 
quantitatively, rather than qualitatively, in each individual patient [ 66 ]. 

 Alternative indirect strategies also can be adopted in the case that direct imaging 
is impossible or diffi cult. A common method to fi t this goal is fusion protein, which 
usually achieved by fusing a detectable reporter gene with the target. Then the target 
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expression or changes during therapy process could be evaluated through measur-
ing the reporter gene expression. For instance, Mayer-Kuckuk et al .  [ 67 ] has fused 
dihydrofolate reductase (DHFR) with a PET reporter gene, herpes simplex virus 1 
thymidine kinase (HSV1 TK), to encode a fusion protein DHFR-HSV1 TK. 
In a xenograft model, the fusion-protein increase after treated with antifolate could 
be visualized with PET using  124 I-FIAU, 2′-fl uoro-2′-deoxy-1-beta- d -
arabinofuranosyl- 5-[ 124 I] iodouracil (substrate of HSV1 TK), as imaging probe. 
That is an example that drug-induced modulation of gene expression can be imaged 
indirectly by reporter gene. This strategy can be used to test the effectiveness of 
different therapies that act through DHFR.  

4.2     Measurement of Pharmacodynamic Endpoints 

 Pharmacodynamics studies the biochemical and physiological effects of drugs on 
the targets within the body and the mechanisms of drug action. Therapeutic effi cacy 
is one of the key questions needed to be answered for each drug or drug candidate 
[ 68 ]. Molecular imaging is able to provide information to evaluate pharmacological 

  Fig. 24.3    ( a ) Decay-corrected whole-body coronal microPET images of nude mouse bearing human 
U87MG tumor at 15 and 30 min and at 1, 2, 4, and 18 h after injection of 9.1 MBq of  64 Cu-DOTA-
E{E[c(RGDfK)] 2 } 2 . ( b ) Time–activity curves derived from multiple time-point microPET study. ( c ) 
Comparison of tumor uptakes in mice injected with  64 Cu-DOTA- E {E[c(RGDfK)] 2 } 2  at a dose of 
9.3 MBq with ( top ) or without ( bottom ) 10 mg/kg c(RGDyK). Reproduced with permission from [ 65 ]       
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effects. For instance, solid tumors are often characterized by having high glucose 
utilization, tumour cell proliferation, hypoxia with sustained angiogenesis and eva-
sion of apoptosis [ 69 ]. The infl uence of compounds targeting these characteristics 
of cancer biology can be selectively visualized by molecular imaging techniques 
[ 23 ]. Examples include FDG PET to image glucose transport and metabolism and 
FLT PET to evaluate proliferation. In addition, some imaging strategies can focus 
on one particular pathway or single molecular target to access specifi c drugs. 

4.2.1     Imaging of Metabolism and Proliferation with FDG and FLT PET 

 Accelerated glucose metabolism is one of the phenotypic or functional changes 
observed in cancer tissue [ 70 ]. Tumor cells are known to be highly glycolytic 
because of increased expression of glycolytic enzymes, especially hexokinase. FDG 
is a model PET radiopharmaceutical and has been lauded as the “molecule of the 
century” in nuclear medicine [ 71 ]. As a glucose analogue, FDG enters the cell simi-
lar to the way glucose does, through specifi c glucose transporters on the cell mem-
brane and is converted to FDG 6-phosphate, which is trapped in the cell in proportion 
to the metabolism of glucose [ 72 ]. As the magnitude of FDG uptake in certain 
tumors relates quite directly to the number of viable cells, FDG-PET imaging pro-
vides high specifi city and sensitivity in several kinds of cancer with many applica-
tions in the clinical management of patients with malignant diseases. However, 
various tissues and processes in the body, including infl ammatory cells and macro-
phages have greater glucose metabolic rates and thus accumulate higher amounts of 
FDG than normal tissues, which explains the rate of false-positives seen in the 
imaging data of FDG PET [ 71 ]. 

 FDG PET has been extensively applied to monitor therapeutic responses of radi-
ation therapy and chemotherapy both preclinically and clinically [ 73 ,  74 ]. Using 
small animal PET, FDG uptake in gastrointestinal stromal tumor (GIST) xenografts 
was signifi cantly decreased 24 h after the treatment with imatinib, which correlated 
with a response to treatment [ 75 ]. In one study to evaluate the use of FDG PET in 
monitoring chemotherapy effects in a human non-small cell lung cancer (NSCLC) 
xenograft model, tumor-FDG uptakes and volumes were measured after adminis-
trating a single dose of mitomycin (MMC) and vinblastine (VLB). A signifi cant 
reduction in tumor volume after chemotherapy occurred and was associated with 
signifi cantly lower FDG uptake values than the control group, as early as on day 1 
[ 76 ]. As shown in Fig.  24.4 , with subcutaneous U87MG human glioblastoma xeno-
grafts treated with CE-355621, an antibody against c-Met, FDG small animal PET 
visualized signifi cant inhibition of FDG accumulation only 3 days after drug treat-
ment, which was earlier than the inhibition of tumor volume growth seen at 7 days 
after drug treatment [ 77 ]. With a B16F10 murine melanoma model, Dandekar et al. 
[ 78 ] evaluated the reproducibility of FDG small-animal PET studies. FDG small- 
animal PET mouse xenograft studies were reproducible with moderately low vari-
ability, indicating that serial small-animal PET studies may be performed with 
reasonable accuracy to measure tumor response to therapy.
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   Increased mitotic rate, cell proliferation, and lack of differentiation were 
regarded as the main factors responsible for accelerated growth of malignant tissue. 
Molecular imaging probes have been designed to specifi cally measure prolifera-
tion, among which [ 18 F] fl uoro- l -thymidine (FLT) is the most extensively investi-
gated tracer to image cell proliferation. FLT is transported into cells similar to the 
thymidine pathway and phosphorylated to FLT-5′-monophosphate by the enzyme 
thymidine kinase 1 (TK-1). FLT phosphates are impermeable to the cell membrane, 
resistant to degradation, and metabolically trapped inside the cells. The level of 
TK-1 in a cell increases several fold as it goes from a resting state to the prolifera-
tive phase and is destroyed at the end of S-phase [ 79 ]. Therefore, radiolabeled thy-
midine analogues provide a measure of DNA synthesis and tumor cell proliferation. 
Several other radiolabeled nucleotide analogues have also been developed to mea-
sure DNA synthesis including [ 18 F]fl uorouridine and 2′-[ 18 F] fl uoro-5-methyl-1-β-
 d -arabinofuranosyluracil (FMAU) [ 80 ]. 

 Although increased glucose metabolism is a feature of tumors, it is also associ-
ated with a variety of other processes, whereas cellular proliferation is specifi c to 
tumors. In addition, certain anticancer drugs were designed to stop the cell division 
but may not necessarily lead to cell death. Consequently, the tumor cellular prolif-
eration may drop without any signifi cant changes in the tumor energy metabolism. 
For instance, FLT PET has been used to measure early cytostasis and cytotoxicity 
induced by cisplatin treatment of radiation-induced fi brosarcoma 1 (RIF-1) tumor- 
bearing mice. The decrease in [ 18 F]FLT uptake at 24 h was associated with a decrease 
in cell proliferation assessed immunohistochemically, despite the lack of a change 

  Fig. 24.4    Representative axial  18 F-FDG microPET images from nude mice with U87MG xeno-
grafts ( arrows ). CE-355621 or control vehicle was administered on day 7. ( a )  18 F-FDG accumula-
tion increased over time in a representative control mouse xenograft. ( b )  18 F-FDG accumulation on 
days 8–21 in a representative drug-treated mouse xenograft was similar to that of baseline day 6. 
Reproduced with permission from [ 77 ]       
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in tumor size [ 81 ]. It also has been demonstrated that FLT microPET mouse tumor 
xenograft studies are reproducible with moderately low variability [ 82 ]. Drawbacks 
of FLT PET include low tumor uptake, different uptake and metabolic pathway 
from thymidine and unconfi rmed specifi city to malignant diseases, which are 
against its role in refl ecting tumor proliferation [ 83 ].  

4.2.2     Imaging Blood Flow and its Relevance to Antivascular Agents 

 Angiogenesis refers to the process by which new blood vessels are formed. 
It has been recognized as a key element in the pathophysiology of tumor growth and 
metastasis [ 84 ]. Antiangiogenic and antivascular agents are intensively investigated 
for tumor therapy. Traditionally, tumor angiogenesis and anti-angiogenic therapy 
have been evaluated by methods such as measurement of circulating angiogenic 
markers and histological estimate of microvascular density (MVD). In contrast, 
imaging can provide a noninvasive means of detecting angiogenesis within and 
about the perimeter of the whole tumor and give functional information. 

 As mentioned above, ultrasound (particularly microbubble contrast enhanced 
ultrasound) is a valuable imaging modality to determine the tumor microvascular 
blood volume and blood velocity [ 62 ]. In particular, dynamic contrast-enhanced 
ultrasonography (DCE-US) allows repeated examinations and provides both mor-
phologic and functional analyses. US modes, based on the second harmonic signal 
generated by the nonlinear properties of contrast agents, have provided access to 
tumor blood fl ow with the quantifi cation of the contrast-uptake kinetics within 
tumors after a bolus injection of contrast agent [ 85 ]. Several quantitative parameters 
considered as indicators of tumor fl ow such as the peak intensity (PI) or time-to-PI 
can be extracted from the time-intensity curves of contrast uptake [ 86 ]. Using 
DCE-US, the antitumor effi cacy of AVE8062, a tumor vasculature disruptive agent, 
has been assessed in melanoma-bearing nude mice [ 87 ]. 

 PET studies with  15 O-oxygen and related tracers can offer  direct  physiological 
measurement of circulatory parameters of regional blood fl ow and vascular volume 
[ 88 ]. Dynamic contrast-enhanced MRI (DCE-MRI) has also been well established 
to investigate angiogenesis within tumors, and in particular the response to antian-
giogenic therapy. The leakage of MRI contrast agent through tumor vessels results 
in a fast “wash-in” of contrast coupled with the rapid “wash-out,” and allows a 
functional analysis of the tumor microcirculation [ 89 ]. DCE-MRI can be performed 
with low-molecular-weight contrast media (LMCM) such as Gd-diethylenetriamine 
pentaacetic acid (Gd-DTPA) or macromolecular contrast media (MMCM) such as 
Gd conjugated human serum albumin (Gd-HSA) [ 90 ]. 

 K trans , k ep , fpV, and  v  e  are standardized output parameters derived from a two- 
compartment general kinetic model, which is the most widely accepted model and 
can be readily derived from fi rst principles [ 91 ]. K trans  represents the rate of contrast 
agent transfer from blood to interstitium, and k ep  is the reverse rate constant, repre-
senting backfl ow. The term fpV is the fraction of plasma volume, related to whole 
tissue volume, and  v  e  is the fractional extravascular, extracellular leakage volume. 
These parameters can be depicted numerically or as color-encoded images. 
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It has been shown that DCE-MRI parameters correlate with vascular permeability, 
and hence angiogenesis, within tumor tissue [ 92 ]. DCE-MRI can be used to demon-
strate the antiangiogenic effects of drugs early after their administration, and can 
predict traditional treatment response parameters such as changes in tumor size. The 
ability to accurately monitor angiogenesis response to therapy means that drug effi -
cacy can be established at a very early stage of treatment so that non-responding 
patients may be detected and management plans altered on a timely basis [ 93 ]. 

 DCE-MRI can detect responses to PTK/ZK (a VEGF receptor tyrosine kinase 
inhibitor) therapy as early as 2 days after therapy with signifi cant reductions in area 
under gadolinium-contrast-medium curve (AUGC) [ 94 ] or permeability parameters 
[ 95 ], which also predict subsequent response. LMCM DCE-MRI has also shown 
signifi cant reductions in permeability values in patients treated with the antivascular 
agents AG-013736 (an inhibitor of the VEGF, PDGF, c-Kit receptor tyrosine 
kinases) and SU5416 (a selective inhibitor of VEGFR-2 tyrosine kinase) activity 
[ 96 ]. Although consensus is still lacking on the exact kinetic model to be used in 
analyzing DCE-MRI data, the differences among the various methods are often 
marginal. Therefore, DCE-MRI is rapidly emerging as the imaging technique of 
choice for monitoring clinical response in trials of new antiangiogenic and antivas-
cular therapies. 

 Unlike LMCM, the increased size of MMCMs makes them less diffusible, and 
K trans  values may refl ect permeability within tumors more accurately [ 89 ]. MMCMs 
can also give more accurate estimates of tumor blood volume since they are excel-
lent blood pool agents. For example, SU6668 is an oral, small molecule inhibitor of 
angiogenic receptor tyrosine kinases such as vascular endothelial growth factor 
receptor 2 (Flk-1/KDR), platelet-derived growth factor (PDGF) receptor, and fi bro-
blast growth factor (FGF) receptor. DCE-MRI clearly detected the early effect (after 
24 h of treatment) of SU6668 on tumor vasculature as a 51 and 26 % decrease in 
the average vessel permeability measured in the tumor rim and core, respectively. 
A substantial decrease was also observed in average fractional plasma volume in the 
rim (59 %) and core (35 %) of the tumor (Fig.  24.5 ) [ 97 ,  98 ].

  Fig. 24.5    T2w, T1w-pre, and T1w-postcontrast images for animal before ( upper panel ) and 24 h 
after ( lower panel ) treatment with SU6668. T2w, axial T2w RARE image; T1w-pre and T1w-post, 
axial T1w GRE images acquired before and 50 min after injection of Gd-DTPA-albumin. kPS, 
transendothelial permeability. Reproduced with permission from [ 97 ]       
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4.2.3        Imaging of Hypoxia 

 Hypoxia has been shown to be present in many disease states and the degree of 
hypoxia is highly relevant in functional recovery in ischemic events such as stroke 
and myocardial ischemia. In solid tumors, hypoxia develops through the inadequate 
supply of oxygen by the vascular supply to the growing tumor mass. Tumor hypoxia 
is an important determinant of treatment response, relapse-free survival, and overall 
prognosis [ 99 ]. The traditional “gold standard” for measuring oxygen tension in 
tissue has been with the pO 2  electrode [ 100 ], but this method is invasive and 
restricted to easily accessible tumors. To avoid the problems of invasiveness and 
lack of representativity, PET protocols have been developed which permit in vivo 
mapping of tumor hypoxia with anatomical resolution [ 101 ,  102 ]. 

 The principal strategy for PET tracer imaging of tissue hypoxia to date has been 
the use of compounds that are preferentially absorbed and trapped within cells in 
the reduced state [ 103 ]. The most frequently studied radiotracers are  18 F labeled 
 nitroimidazole derivatives including  18 F-fl uoromisonidazole (FMISO),  18 F-fl uoroa-
zomycin arabinoside (FAZA), and  18 F-fl uoroerythronitroimidazole (FETNIM) 
(Fig.  24.6 ).  18 F-FMISO enters cells by passive diffusion, where it is reduced by 
nitroreductase enzymes to become trapped in cells with reduced tissue oxygen par-
tial pressure. When oxygen is abundant in normally oxygenated cells, the parent 
compound is quickly regenerated by reoxidation and metabolites do not accumu-
late. However, in hypoxic cells, the low oxygen partial pressure prevents reoxida-
tion of  18 F-FMISO metabolites. Because FMISO only accumulates in hypoxic cells 
with functional nitroreductase enzymes, there will be no accumulation in dead 
necrotic cells [ 104 ]. Multiple studies correlating direct oxygen measurements with 
 18 F-FMISO uptake have been performed and the degree of  18 F-FMISO uptake cor-
related with direct pO 2  histographic measurement in both renal cell carcinoma and 
head and neck cancers [ 105 ,  106 ].  18 F-FMISO has been used to image hypoxia in 
human tumors in vivo and to monitor the effects of conventional therapy [ 107 ,  108 ]. 
 18 F-FMISO has also been used in the non-oncologic setting including cerebral 
hypoxia and myocardial hypoxia [ 12 ,  109 ].

   Although  18 F-FMISO remains the most extensively investigated radiotracer of 
hypoxia, it is still far from an ideal hypoxia tracer. The main problem is the limited 
rate and extent of uptake into hypoxic tissue, such that it takes between 2 and 4 h 
to achieve an adequate target/background ratio for imaging [ 103 ]. Therefore, other 
compounds including second-generation nitromidazoles have also been synthe-
sized for imaging of hypoxia. Both  18 F-FAZA and  18 F-FETNIM demonstrated 
comparable intratumoral uptake with  18 F-FMISO and faster clearance from the 
blood, viscera and muscle tissues, via the renal system in animal models [ 110 ,  111 ]. 
However, a lower tumor/blood ratio with  18 F-FAZA compared with  18 F-FMISO has 
also been reported [ 112 ]. Another nitroimidazole-based compound iodoazomycin 
galactopyranoside (IAZGP) labeled with  124 I (t 1/2  = 4.2 day) has yielded consider-
ably higher tumor-to-background contrast at later time point, i.e., 1–2 days after 
administration [ 113 ]. 
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 The 2-nitroimidazole EF5 (2-(2-nitro-1H-imidazol-1-yl)-N-(2,2,3,3,3- penta-
fl uoropropyl)acetamide) is another example of a hypoxia marker and has a uniform 
biodistribution and stable structure in vivo [ 114 ]. Highly specifi c monoclonal anti-
bodies (mAbs) against EF5 and its adducts have been made, allowing a number of 
clinically relevant biopsy techniques [ 115 ]. A 3-monofl uoro analog of EF5, EF1, 
has been labeled with  18 F [ 116 ] to image hypoxia in the hypoxic Morris 7777 (Q7) 
hepatoma and the oxic 9LF glioma tumor models [ 117 ]. The results demonstrated 
that PET imaging with  18 F-EF1 was able to differentiate hypoxic versus aerobic 
tumors in rodents.  18 F-EF5 has also been synthesized [ 118 ] and PET imaging with 
 18 F-EF5 was carried out in a rat tumor model [ 113 ]. Tumors were easily visible by 
60 min postinjection (p.i.) when the fi nal tumor to muscle ratios (based on gamma 
counts) were greater than 2. Another fl uorinated etanidazole compound, EF3, has 
been successfully radiolabeled using  18 F for PET-based hypoxia evaluation [ 119 ]. 
Ex vivo pharmacokinetics and biodistribution studies demonstrated that  18 F-EF3 
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could be a good alternative for  18 F-FMISO for the detection of tumor hypoxia [ 120 ]. 
However, a recent comparative study performed by Dubois et al. indicated that the 
maximal  18 F-EF3 tumor uptake, compared to the maximum  18 F-FMISO uptake, was 
signifi cantly lower at 2 h p.i., although reached similar levels at 4 h p.i. [ 121 ]. 
Reduced polarity of EF5 and its analogues will result in a longer drug half-life, 
which may cause binding to aerobic cells and slower excretion of the un-metabo-
lized marker from normal tissues. 

 An alternative compound evaluated for tissue hypoxia imaging is Cu-diacetyl- 
bis(N4-methylthiosemicarbazone) (Cu-ATSM) [ 36 ]. The mechanism of hypoxia 
selectivity of Cu-ATSM and related complexes is thought to involve an initial intra-
cellular proton-coupled reduction to produce a copper(I) species, followed by reoxi-
dation and effl ux from cells with high oxygen tension or by ligand dissociation and 
trapping of the copper in cells with low oxygen tension [ 122 ].  60 Cu-ATSM has been 
shown to be predictive of radiotherapy treatment outcome in small-scale clinical 
studies [ 123 ,  124 ]. Recently, a Cu-ATSM–glucose (ATSE/A-G) has been synthe-
sized in order to improve the biodistribution properties such as high levels of liver 
and kidney uptake [ 125 ]. In vivo PET showed that  64 Cu-ATSE/A-G retained hypoxia 
selectivity and had improved characteristics when compared with  64 Cu-ATSM, with 
a shift from primarily hepatointestinal for  64 Cu-ATSM to partially renal with 
 64 Cu-ATSE/A-G [ 125 ].  

4.2.4     Imaging of Apoptosis 

 Apoptosis, or programmed cell death, has been recognized as an active regulatory 
mechanism, complementary, but functionally opposite, to proliferation with impor-
tant roles in shaping and maintaining tissue size and prevention of disease [ 126 ]. 
Diseases such as transplant rejection, myocardial or cerebral infarctions, and (neuro) 
degenerative diseases are characterized by relative excess of cell death [ 127 ]. 
In tumors, however, the amount of programmed cell death is too low compared to 
cell proliferation or apoptosis is completely inactivated [ 128 ]. Most of the chemo-
therapy agents cause tumor cell death primarily by induction of apoptosis and resis-
tance to anticancer treatment is widely believed to involve mutations that lead to 
deregulated cellular proliferation and suppression of mechanisms that control apop-
tosis [ 129 ]. Thus, imaging of apoptotic response could provide a much faster way to 
predict effectiveness of cancer chemotherapy than currently used morphologic mea-
surements [ 130 ]. In cardiovascular medicine, imaging of apoptosis could be highly 
useful in managing myocardial infarction, unstable atherosclerotic plaques, and car-
diac allograft rejection [ 131 ]. 

 Phosphatidylserine exposure is a near-universal event in apoptosis, it occurs 
within a few hours of the apoptotic stimulus, and it presents a very abundant target 
(millions of binding sites per cell) that is readily accessible on the extracellular face 
of the plasma membrane [ 132 ]. Due to high affi nity for apoptotic cells, no immuno-
genicity and lack of in vivo toxicity, annexin V is the dominant probe to detect and 
image apoptosis [ 130 ]. Annexin V has been labeled with  99m Tc after conjugated with 

G. Niu and X. Chen



731

hydrazinonicotinamide (HYNIC), a bi-functional nicotinic acid analogue, to detect 
apoptosis in vivo [ 133 ]. In anti-Fas antibody induced massive hepatic apoptosis 
model, there was a 134 and a 304 % increase in the liver uptake of  99m Tc-HYNIC - 
annexin  V above controls at 1 and 2 h, respectively. In a rat model of heterotopic 
cardiac allografts, in which transplant rejection is mediated by apoptosis, all of the 
cardiac allografts were visualized readily on imaging with  99m Tc-HYNIC-annexin V 
by 5 days after transplantation. The third was a xenograft tumor model in which 
apoptosis was induced by a chemotherapeutic agent, cyclophosphamide. Twenty 
hours after drug administration, treated tumors showed readily visualizable increases 
in  99m Tc-HYNIC-annexin V activity of 78 % above control values in untreated ani-
mals [ 133 ]. The experiments along with other studies performed by this group [ 134 , 
 135 ] demonstrated the feasibility of  99m Tc-annexin V for the noninvasive in vivo 
imaging of PS expression associated with apoptosis. Apoptosis induced by another 
chemotherapeutic drug, paclitaxel, also resulted in increased uptake of  99m Tc- 
annexin  V, which was readily visualized by scintigraphy [ 136 ]. Besides annexin V, 
the C2A domain of synpaptotagmin I [ 137 ] and a small-molecule peptide based on 
phage display [ 138 ] also showed binding affi nity for phosphatidylserine and can be 
potential apoptosis imaging agents. Imaging agents derived from Annexin V also 
have been further refi ned by introducing a short N-terminal peptide via recombinant 
DNA methods for site-specifi c labeling of different radionuclides, fl uorophores for 
multiple modality imaging of apoptosis [ 139 – 141 ]. 

 Besides phosphatidylserine exposure, caspase activation and mitochondrial 
membrane potential collapse are also featured apoptotic characteristics [ 139 ]. 
Caspases play central role in the execution of cell death and both the intrinsic (mito-
chondrial) and extrinsic (death receptor) pathways of apoptosis eventually activate 
several effector caspases [ 142 ]. Caspase-3 is one of the key effector caspases which 
recognizes and cleave DEVD (aspartic acid-glutamic acid-valine-aspartic acid) 
peptide sequence presenting in many cellular proteins [poly(ADPribose) poly-
merase], lamins, etc. [ 143 ]. DEVD containing molecules targeting caspase-3 have 
been developed to image apoptosis [ 144 – 146 ]. Most of these studies utilized fl uo-
rescence imaging and bioluminescence imaging, which is suitable for cellular and 
small animal investigation. However, the clinical translation is limited. Isatin 
(1-H-indole-2,3-dione) was identifi ed as an inhibitor of caspase 3 by high through-
put screening and further structural optimization led to the discovery of the highly 
potent derivative, isatin sulfonamide, with caspases 3 and 7 inhibiting effi cacy in the 
2–6 nM range [ 147 ]. Realizing the potential of radiolabeled isatins for imaging of 
apoptosis, several groups developed the  18 F-labeled agents as a putative tracer for 
PET imaging of activated caspase 3 levels [ 148 – 150 ]. With a  18 F labeled isatin sul-
fonamide analogue,  18 F-WC-II-89, microPET imaging studies revealed a high 
uptake of the radiotracer in the liver of a cycloheximide-treated rat relative to the 
untreated control (Fig.  24.7 ) [ 151 ]. Another strategy to image apoptosis aims to 
mitochondrial membrane potential collapse, which is also one of the central events 
in apoptosis [ 142 ]. Radiolabeled probes based on phosphonium cations show the 
predicted decrease in cellular uptake in vitro as mitochondrial potential is decreased, 
and in vivo these probes show highest uptake in the heart and kidneys [ 152 ,  153 ].
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4.2.5        Imaging Particular Downstream Targets 

 FDG/FLT PET and DCE MRI have generic values for a wide range of anti-tumor 
and antivascular drugs. Molecular imaging strategies have also been developed to 
apply to only a narrow group of compounds. A good example here is the response 
of client proteins of heat shock protein 90 (HSP90) to HSP90 inhibitors. HSP90 is 
a key member of molecular chaperones that promote the proper folding of nascent 
polypeptides and ensure that protein–protein interactions occur in a productive 
manner under basal conditions [ 154 ]. The downstream effects of HSP90 inhibition 
affect a wide range of signaling processes that make possible the malignant proper-
ties of cancer cells. Therefore, HSP90 inhibitors exhibit a broad spectrum of anti-
cancer activities. In addition, analysis of treatment-induced changes in relevant 
HSP90 client proteins could be used as PD end points for evaluation of therapeutic 
response of HSP90 inhibitors. 

 Human epidermal growth factor receptor 2 (HER-2) has been established as cli-
ents of HSP90 and HER-2 is dependent upon HSP90 for its stability throughout the 
whole life span of the receptor, including the maturation process in the endoplasmic 
reticulum (ER), and during the residency of the receptor at the plasma membrane. 
HER-2 is depleted within 2 h of HSP90 inactivation [ 155 ]. A positron emitter 
Galium-68 (t 1/2  = 68 min) labeled F(ab′) 2  fragment of trastuzumab (herceptin, 
humanized antibody against HER-2) has been used to assess the degradation of 
HER-2 by HSP90 inhibitor, 17-allylaminogeldanamycin (17-AAG). Based on the 
microPET quantifi cation, HER-2 expression was reduced by almost 80 % in the 
animals 24 h after 17-AAG treatment [ 41 ]. In a follow-up study, tumor response to 
17-AAG treatment was assessed by  68 Ga-DOTA-F(ab′) 2 -trastuzumab and  18 F-FDG 
PET. Within 24 h after treatment, a signifi cant decrease in HER-2 was measured by 
HER-2 PET, whereas  18 F-FDG PET uptake was virtually unchanged. This indicates 
that HER-2 PET with  68 Ga-DOTA-F(ab′) 2 -herceptin could provide accurate infor-
mation for the tumor’s early response to 17-AAG treatment [ 42 ]. 

  Fig. 24.7    ( a ) Structure of the isatin sulfonamide analogue,  18 F-WC-II-89; ( b ) whole-body 
microPET images of  18 F-WC-II-89 distribution in a control rat ( left ) and cycloheximide-treated rat 
( right ). Reproduced with permission from [ 153 ]       
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 Epidermal growth factor receptor (EGFR), another member of HER family, has 
also been established as a client of HSP90 [ 156 ,  157 ]. Quantitative PET imaging of 
EGFR expression in tumor-bearing mice using copper-64 (t 1/2  = 12.7 h) labeled 
cetuximab (Erbitux; C255; ImClone and Bristol-Myers Squibb) showed that the 
tumor uptake of  64 Cu-DOTA-cetuximab measured by PET had a good linear corre-
lation (r 2  = 0.80) with the EGFR expression level as quantifi ed by Western blotting 
[ 158 ]. Quantitative microPET showed that  64 Cu-DOTA-cetuximab has prominent 
tumor activity accumulation in untreated tumors but signifi cantly lower uptake in 
17-AAG-treated tumors at 24 h post-injection. Both immunofl uorescence staining 
and Western blot confi rmed the signifi cantly lower EGFR expression level in the 
tumor tissue upon 17-AAG treatment. The results indicate that this approach may be 
valuable in monitoring therapeutic responses to HSP90 inhibitor 17-AAG in EGFR- 
positive cancer patients [ 159 ]. 

 Another example is the serine/threonine kinase Akt. Akt functions as a signal-
ing hub where many upstream signaling pathways converge [ 160 ]. Because Akt 
and its upstream regulators are dysregulated in some forms of cancer, they are 
promising targets for pharmaceutical intervention [ 161 ,  162 ]. Zhang et al. [ 90 ] 
have constructed a bioluminescent Akt reporter that contains an Akt consensus 
substrate peptide and a domain that binds phosphorylated amino acid residues 
(FHA2) fl anked by the N-terminal (N-Luc) and C-terminal (C-Luc) domains of 
the fi refl y luciferase reporter molecule. With this reporter construction, Akt activ-
ity in cultured cells and tumor xenografts can be monitored quantitatively  and  
dynamically in response to activation or inhibition of receptor tyrosine kinase, 
inhibition of phosphoinositide 3-kinase, or direct inhibition of Akt. The in vivo 
results indicated that this technology could facilitate the determination of PD of 
drugs in animal models. Moreover, this platform may be expanded to other key 
kinases in cancer. 

 Imaging probes targeting a particular therapeutic response has also been investi-
gated. For example, with the goal to determine whether recombinant peptides can 
be used to differentiate responding from nonresponding cancers immediately after 
initiation of treatment, Han et al. [ 163 ] designed a series of seminal experiments. 
After six rounds of in vivo biopanning with a T7 phage-based random peptide 
library, an HVGGSSV peptide was isolated to be the predominant sequence from 
both Lewis lung carcinoma and GL261 tumors treated with combined radiation and 
a VEGF receptor tyrosine kinase inhibitor. The peptide was labeled with Cy7 and 
near infrared (NIR) imaging revealed that HVGGSSV peptide could differentiate 
between responding and nonresponding tumors (Fig.  24.8 ) [ 163 ]. Moreover, a direct 
correlation between the amount of increased peptide binding and the responsiveness 
of the cancer also has been established. Thus, rapid, noninvasive assessment of the 
pharmacodynamic response was achieved with this peptide, which promises to 
accelerate drug development and minimize the duration of treatment with ineffec-
tive regimens in patients.
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4.3         Imaging Therapeutic Gene Expression 
with Relevance to Gene Therapy 

 Gene therapy is an evolving technique that seeks to use nucleic acids (DNA or 
RNA) to treat or prevent diseases. There are several approaches to gene therapy, 
including forced expression of a therapeutic gene on the background of a mutant 
gene (gene addition), replacing a mutated gene that causes disease with a healthy 
copy of the gene (gene replacement), inactivating or “knocking out” a mutated 
gene that is functioning improperly, and introducing a novel gene into the body to 
help prevent or fi ght diseases [ 164 ]. To deliver a therapeutic gene to the patient’s 
target cells, an appropriate carrier molecule or gene delivery vehicle, often called 
a vector, may be used. Efforts are being directed towards cell-type specifi c target-
ing for which both payload delivery and gene expression which can be visualized 
currently by biodistribution and transduction imaging, respectively. In addition, 
the treatment outcome can also be monitored by non-invasive imaging methods. 
Transduction imaging visualizes the transgene-mediated protein production, 
whereas biodistribution imaging visualizes the actual systemic distribution of 
gene delivery vectors [ 165 ]. It is important to evaluate both particle kinetics and 
transgene expression in vivo to generate an accurate picture of gene delivery and 
expression [ 166 ]. Molecular imaging of gene expression is usually achieved with 
the use of particular genes, called “imaging reporter genes.” Reporter genes can 
be used to study promoter/enhancer elements (both constitutive and inducible) 
involved in gene expression and endogenous gene expression through the use of 
transgenes containing endogenous promoters fused to the reporter [ 167 ]. In some 
cases, the therapeutic genes themselves are reporter genes and can be imaged 

  Fig. 24.8    Lewis lung carcinoma tumors were implanted into the right hind limb and B16F0 
tumors were implanted into the left hind limb of the same mouse. Both the Lewis lung carcinoma 
and B16F0 tumors were treated with SU11248 and 3 Gy for 5 consecutive days. ( a ) Tumor vol-
umes were measured at day 0 and day 5. Four hours after the fi rst treatment, Cy7-labeled 
HVGGSSV peptide was infused and NIR imaging was used to study peptide binding to treated 
tumors. ( b ) Shown are NIR images of mice obtained at indicated times after the fi rst treatment. 
Reproduced with permission from [ 163 ]       
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directly, such as HSV-1 thymidine kinase (HSV1-tk) [ 168 ] and sodium idodie 
symporter (NIS) [ 169 ]. The expression of most other therapeutic genes which 
have no ligands or substrates for functional image analysis can be studied if they 
are linked to the expression of a reporter gene [ 170 ]. Usually, the therapeutic gene 
with expressing vectors will be replaced by or fused with a reporter gene. 
The spatial and temporal expression of reporter genes could be visualized and 
quantitated by multiple non-invasive imaging modalities. The rapid progress in 
molecular imaging, especially in the fi eld of imaging gene expression, will greatly 
aid some of the gene therapy requirements and likely contribute to the success of 
this promising therapeutic modality [ 171 ]. 

 For example, heat-shock protein promoters, particularly HSP70 promoters, have 
been commonly used for gene therapy strategies because they are both heat- 
inducible and effi cient [ 172 ]. A series of studies has been performed for tumor treat-
ment by introducing into tumor cells a suicide gene such as that coding for thymidine 
kinase (TK) or cytosine deaminase (CD) under the control of an HSP promoter 
[ 173 ,  174 ]. Green fl uorescence protein (GFP) has been utilized extensively as 
reporter gene to evaluate the spatial and temporal control of gene expression driven 
by HSP70 promoters [ 175 – 178 ]. On a microscope heating stage using GFP as a 
reporter, HSP70 expression kinetics were visualized continuously in cultured bovine 
aortic endothelial cells (BAECs). BAECs were transfected with a DNA vector 
expressing an HSP70-GFP fusion protein under the control of HSP70 promoter. The 
kinetic profi le for HSP70-GFP fusion protein is consistent with the endogenous 
HSP70 [ 179 ]. 

 The expression of the reporter gene coding for TK can be probed with pyrimidine 
nucleoside derivatives, such as 2′-deoxy-2′-fl uoro-β- d -arabinofuranosyl-5- iodouracil 
(FIAU), and acycloguanosine derivative, such as 9-[4-fl uoro-3-(hydroxymethyl) 
butyl]guanine (FHBG). With PET imaging, spontaneous in vivo activation of the 
HSV1-tk suicide gene driven by the  Grp78  promoter, a member of HSP70 family, in 
growing tumors and its activation by photodynamic therapy (PDT) in a controlled 
manner has been observed [ 174 ]. NIS is responsible for the physiologic uptake of 
iodide. NIS is also able to concentrate pertechnetate (TcO 4  − ), bromide (Br − ), and 
perrhenate (ReO 4  − ). With corresponding radionuclides, NIS gene expression could be 
visualized by SPECT or PET imaging [ 180 ]. Che and co-workers have constructed a 
retroviral vector, pQHSP70/hNIS-IRES-eGFP (pQHNIG70), containing the hNIS-
IRES-eGFP dual-reporter genes under the control of an inducible human HSP70 pro-
moter. A stable ratio of radiotracer uptake to eGFP fl uorescence and to HSP70 protein 
was demonstrated over a wide range of expression levels, induced by different levels 
of heating. The local application of heat thus can effectively induce hNIS and eGFP 
gene expression in vivo, and this expression can be effi ciently visualized by fl uores-
cence, scintigraphic, and micro- PET imaging [ 181 ]. 

 Native ferritin receptors can concentrate the body’s natural iron to quantities 
detectable by MRI, thus making it an elegant MRI reporter gene. This method was 
used to image viral transduction in rat brain in a non-invasive manner without any 
external ligands. Genove et al. [ 182 ] used adenoviruses to deliver a ferritin trans-
gene into specifi c host tissues and imaged cells that took up endogenous iron and 
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became superparamagnetic. In this context, the overexpressed ferritin receptors 
have been imaged using a heavy chain of murine ferritin, an iron storage molecule 
with ferrioxidase activity, for the detection of gene expression by MRI in vivo [ 183 ].  

4.4     Evaluation of Pharmacokinetics 

 Information from small animal imaging studies can be extremely helpful at the 
ligand synthesis/optimization stage, particularly in elucidating pharmacokinetics 
of the drug candidate. Pharmacokinetic imaging requires the drug candidate to be 
tagged in some way, usually radiolabeled, but increasingly with fl uorescent 
labels and, for larger molecules, with magnetic labels. In almost all cases, except 
for radiolabeling an identical site in the drug candidate with carbon-11 for PET, 
one must be mindful that an analogue, rather than the drug candidate, is being 
studied. Central nervous system (CNS) drugs can be tagged and tracked in vivo 
in a single animal to determine blood–brain barrier (BBB) permeability. 
Quantitative kinetic evaluation of drug candidates can be performed with PET, 
allowing calculation of relevant rate constants that describe tissue extraction, 
receptor-specifi c binding, nonspecifi c binding and/or enzyme turnover. 
Pharmacokinetic knowledge obtained from imaging enables continuous monitor-
ing of the disposition of the drug candidate, not just snapshots of the plasma 
concentration of the unmetabolised component, which may have little relevance 
to the concentration of the drug candidate at the intended site of action. That is 
true of CNS drugs, where brain and plasma kinetics invariably diverge and for 
oncologic agents, where heterogeneous tumor perfusion presents the lesion with 
an uneven or inadequate dose, not refl ected in peripheral samples. 
Pharmacodynamic information, i.e., the effects of the drug candidate on the tis-
sues, is also readily available through small animal imaging. Changes in blood 
fl ow critical to anti-angiogenic therapies can be assessed by PET, MRI or US. 
Drug–drug interactions can be studied by radiotracers designed to probe the 
activity of multidrug resistance (MDR) pumps under the infl uence of MDR mod-
ulators, for example. All of that information can be used in an iterative fashion 
for structural refi nement of lead compounds. The objective of the following lead 
generation phase is to synthesize lead compounds, new analogues with improved 
potency, reduced off-target activities, and physiochemical/metabolic properties 
suggestive of reasonable in vivo pharmacokinetics. While lead optimization is 
accomplished through empirical modifi cation of the hit structure and/or by 
employing structure-based design if structural information about the target is 
available. A key component of the lead optimization process involves optimiza-
tion of the lead compound with respect to suitable “drug-like” properties in 
experimental animals, measuring absorption, distribution, metabolism and excre-
tion (ADME) in pharmacokinetic (PK) studies. This is critically important 
because a frequent point of failure in drug discovery programs is suboptimal PK 
properties when the new agent is fi rst tested in the intact animal [ 184 ]. 
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 Studies of the kinetics of drug absorption, distribution, metabolism and excretion 
(ADME) form an important part of any drug development process. Poor pharmacoki-
netics is a major cause of drug “failure.” Conventionally, PK studies are performed by 
measuring drug concentrations in the plasma by high performance liquid chromatog-
raphy (HPLC) and an appropriate detection method such as ultraviolet, mass spec-
trometry or radioactivity counting if the drug labeled with a radioisotope such as 
tritium. Due to its extremely high sensitivity (as low as 10 −12  mol/L), quantitative PET 
imaging can provide information on the kinetics, dosimetry and distribution of drugs 
in diseased and normal tissues within the fi eld of view of the scanner, in addition to 
information on hepatobiliary and renal clearance. Small animal PET scanners allow 
scans to be carried out in small rodents and canine or primate models to screen candi-
date compounds and refi ne the imaging paradigm before implementation in humans. 
Many drugs can be labeled with carbon-11 or with fl uorine-18 with minimal or no 
effect on the chemical/physicochemical properties of the compound, allowing the 
monitoring of the drug biodistribution non-invasively [ 185 ,  186 ]. 

 Based on PET imaging, general pharmacokinetic parameters can be quantifi ed 
and calculated, including peak radioactivity (C max ), time to reach peak radioactivity 
(t max ), area under the radioactivity–time curve (AUC), uptake [standardized uptake 
value (SUV)], and proportions of the drug in various tissues relative to those in the 
blood. Other important kinetic parameters relating to the uptake, distribution, and 
washout also can be derived from mathematical modeling of tissue data, such as 
clearance from plasma to tissue ( K  1 ), clearance from tissue to plasma ( K  2 ), selective 
binding ( K  3 ), permeability–product surface area (PS product), net unidirectional 
infl ux constant from plasma to tissue ( K  I ), mean residence time, binding potential, 
and tissue volume of distribution (partitioning between blood and tissue) [ 187 ]. 
In most PET pharmacokinetic studies, only trace amounts of drugs are adminis-
tered. It may also be necessary to carry out studies with a formulation containing the 
appropriate pharmacological dose combined with the radiotracer to acquire more 
precise pharmacokinetic information at pharmacological doses. 

 For instance, fl eroxacin is a promising fl uoroquinolone used to treat urinary tract 
infections, skin and soft tissue infections, gastrointestinal infections, and acute bac-
terial exacerbations of chronic bronchitis [ 188 ]. In order to evaluate the pharmaco-
kinetics of fl eroxacin, [ 18 F]fl eroxacin was synthesized and shown to be identical 
physically, chemically, and in its antimicrobial activity to the commercially pro-
duced product. The pharmacokinetics of [ 18 F]fl eroxacin was measured in healthy 
and infected animals by positron emission tomography (PET) and tissue radioactiv-
ity measurements [ 189 ,  190 ]. The similar strategy was also applicable to humans 
[ 191 ]. Another example, 1,3-Bis-(2-chloroethyl)-1-nitrosourea (BCNU), a lipo-
philic alkylating agent, is one of the most effective agent for the treatment of intra-
cerebral gliomas. Pharmacokientics study by PET imaging demonstrated that 
intra-arterial administration of  11 C-BCNU achieved concentrations of the drug in the 
tumor that averaged 50 times higher than the level found with a comparable intrave-
nous dose [ 192 ]. VEGF 121 /rGel is a VEGFR-2 specifi c fusion toxin composed of 
VEGF 121  linked with a G 4 S tether to recombinant plant toxin gelonin [ 193 ]. Our 
group used VEGF 121 /rGel to treat orthotopic glioblastoma in a mouse model. Before 
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initiation of treatment, microPET imaging with  64 Cu-labeled VEGF 121 /rGel was per-
formed to evaluate the tumor targeting effi cacy and the pharmacokinetics. 
It was found that  64 Cu-DOTA-VEGF 121 /rGel exhibited high tumor accumulation/
retention and high tumor-to-background contrast up to 48 h after injection. Based on 
the in vivo pharmacokinetics of  64 Cu-DOTA-VEGF 121 /rGel, VEGF 121 /rGel was admin-
istered every other day for the treatment of orthotopic U87MG glioblastomas [ 128 ]. 

 Another promising application uses radioimmunoimaging (RII) to localize the 
biodistribution of radioimmunoconjugates (RIC) and calculate the dosimetry for 
effective radioimmunotherapy (RIT). Biodistribution of  90 Y for dosimetry calcula-
tions is typically obtained by imaging using the surrogate radiometal  111 In because 
 90 Y does not emit photons.  111 In has a half-life almost identical to that of  90 Y, emits 
two γ-rays of 171 and 245 keV, and can be readily incorporated into the same metal 
chelating agents as  90 Y. For these reasons,  111 In has been considered an excellent 
analogue for  90 Y. For example, the FDA-approved RIC ibritumomab tiuxetan 
(Zevalin™, BiogenIDEC) is labeled with  90 Y to treat non-Hodgkin’s lymphoma 
(NHL), and it requires the use of  111 In-ibritumomab tiuxetan to produce images of 
the tumor and normal organs for dosimetry and biodistribution studies [ 194 ]. 
However, it has been reported that  111 In-trastuzumab did not parallel the uptake of 
 86 Y-trastuzumab in the bone, and thus may not accurately predict the level of  90 Y 
accumulation in the bone for clinical RIT applications [ 147 ,  195 ]. Thus, quantita-
tive information offered by PET through  86 Y radiolabels could enable more accurate 
absorbed dose estimation for  90 Y RIT [ 147 ]. It has also been reported that  99m Tc- MAb  
conjugates showed a similar pharmacokinetic behavior as  186 Re-MAb conjugates, 
and can thus be used to predict the localization of  186 Re-labeled MAbs and make 
dosimetric predictions in individual patients [ 196 ].  

4.5     Imaging of Therapeutic Cells Traffi cking 

 The development of stem cells for therapeutic purposes, including cell therapy and 
regenerative medicine, is emerging as a major fi eld of pharmaceutical research. For 
example, bone marrow cells have been used to regenerate infarcted myocardium 
[ 197 ,  198 ] and mesenchymal stem cell (MSC) based cancer therapy is very promising 
[ 199 ]. Non-invasive monitoring the disposition, migration and destination of thera-
peutic cells will facilitate the development of cell based therapy. The cells can be 
labeled directly by introducing a marker into or onto the cells before transplant/
implant that is stably incorporated or attached to the cells. For example, Aicher et al. 
[ 200 ] labeled endothelial and hematopoietic progenitor cells with  111 In-oxine and the 
increase in ischemia-induced heart uptake compared with sham-operated controls 
was readily visible using a pinhole collimator though only 5 % of the injected dose of 
radioactivity was found in the heart.  64 Cu-pyruvaldehyde-bis-( N  4 - methylthio-
semicarbazone ) ( 64 Cu–PTSM) also has been used radiolabel cells ex vivo for in vivo 
positron-emission tomography (PET) imaging studies of cell traffi cking in mice. 
The images indicated that tail-vein-injected labeled C6 cells traffi c to the lungs and 
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liver. In addition, transient splenic accumulation of radioactivity was clearly detect-
able in a mouse scanned at 3.33 h postinfusion of  64 Cu–PTSM-labeled lymphocytes 
[ 201 ].  18 F-HFB [ 202 ] and  18 F-FDG [ 203 ] also have been investigated as a marker to 
label mesenchymal stem cells for in vivo PET imaging. Direct labeling of cells with 
radionuclides can only determine short-term circulation and homing properties of 
infused stem cells because the imaging signal decreases with radio-decay, or becomes 
more diffused with cell division and cell dispersion [ 77 ,  201 ]. Instead of radionuclides 
labeling, iron oxide particles or perfl uorocarbon nanobeacons also can be utilized to 
label cells for MRI imaging [ 204 ,  205 ]. Amado and coworkers injected iron-oxide 
labeled MSCs intramyocardially 3 days after a myocardial infarct (MI) was induced 
by balloon occlusion of the left anterior descending (LAD). The iron oxide labeled 
cells created hypoenhanced regions and 42 % of the signal still remained at 8 weeks 
[ 206 ]. Compared with radionuclide imaging, the main advantage of MRI is its capac-
ity for high anatomic resolution. However, MRI currently lacks the sensitivity of 
radionuclide based labeling (SPECT/PET), which limits its ability to detect small 
numbers of cells (>10 5  cells are needed to be detectable) [ 204 ]. Moreover, the detected 
signal does not necessarily indicate whether the cells are viable for dead cells still 
generate signals for days before macrophage clearance of cellular debris [ 207 ]. 

 An alternative strategy to image cell traffi cking relies on the expression of imag-
ing reporter genes transduced into the cells before transplantation, which are then 
visualized by corresponding imaging modalities including optical imaging, SPECT/
PET or MRI, upon injection of appropriate probes or substrates. Bioluminescence 
imaging (BLI) with fi refl y luciferase (fLuc) or renilla luciferase (rLuc) has been 
used to monitor the oncogenic transformation of MSCs and track the MSCs distri-
bution in various disease models include tumor models, acute kidney injury, tissue 
engineering constructs, genetic disease and angiogenesis [ 199 ,  208 ,  209 ]. MSCs 
had been successfully transfected with the herpes simplex virus type 1 thymidine 
kinase ( HSV1-TK ) reporter gene [ 30 ]. The engraftment and proliferation of 
 HSV1-TK   +  MSCs in tumor stroma were detected by PET imaging with  18 F-labeled 
9-(4-fl uoro-3-hydroxymehtybutyl)-guanine ( 18 F-FHBG). Human sodium iodide 
symporter ( hNIS ) was also used as a reporter gene to image stem cell traffi cking. 
Hwang et al. infected with MSCs lentiviral vector carrying NIS (MSC-NIS) and 
gamma camera scintigraphy with  99m Tc-pertechnetate showed higher uptake by 
MSC-NIS on a polymer scaffolds than by MSC-NIS not seeded on a scaffold [ 210 ]. 

 Comparing with direct labeling method, reporter gene based cell imaging facili-
tates longitudinal measurements of viable cells. In addition, with tissue specifi c 
promoter, such as collagen α1 type I promoter (Col2.3) specifi cally for osteogenic 
differentiation, the destination and differentiation of transplanted stem cells can also 
be evaluated. However, there are also issues related to reporter gene imaging includ-
ing the low transfect effi ciency, gene silence along with time, and possible effect of 
transfection on the proliferation and differentiation potential of the labeled stem 
cells. Recently, Li et al. performed a comparison study between reporter gene and 
iron particle labeling for tracking human embryonic stem cells (hESC) in living 
subjects. After transfected with lentivirus containing a fLuc and GFP fusion reporter 
gene, hES cells were colabeled with superparamagnetic iron oxide particles before 
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transplantation into murine hind limbs. Longitudinal magnetic resonance imaging 
(MRI) showed persistent MRI signals that lasted up to 4 weeks. While, biolumines-
cence signals from hESCs increased dramatically during the same period. These 
data indicate that reporter gene is a better marker for monitoring cell viability, 
whereas iron particle labeling is a better marker for high-resolution detection of cell 
location by MRI [ 211 ]. Another comparison study also showed that fLuc BLI 
reporter gene imaging is a more accurate gauge of transplanted cell survival as com-
pared to MRI of Feridex-labeled cells [ 212 ].   

5     Conclusions and Perspectives 

 Small-animal molecular imaging is becoming more widely used as a non-invasive 
tool for drug discovery and drug screening. Compared with conventional methods for 
the evaluation of PK/PD, molecular imaging has several major advantages. The use of 
molecular imaging endpoints for in vivo studies, rather than time-consuming conven-
tional dissection and histology, substantially decreases the workload. Furthermore, 
because imaging is noninvasive and allows for longitudinal studies in a single animal, 
it also provides much more precise data of statistical relevance. Signifi cant advances 
have been made in developing novel probes for multimodality molecular imaging of 
tumor angiogenesis. Small molecules, peptides, peptidomimetics, proteins, and anti-
bodies have been labeled with radioisotopes, superparamagnetic nanoparticles, fl uo-
rescent dyes, quantum dots, and microbubbles for PET, SPECT, magnetic resonance 
imaging, near-IR fl uorescence, and ultrasound imaging of small animal tumor mod-
els. Thus, an important advantage of molecular imaging techniques is that they can 
bridge the gap between preclinical and clinical research to develop candidate drugs 
that have the optimal target specifi city, pharmacodynamics, and effi cacy. 

 In addition, the exploratory investigational new drug (eIND) mechanism from 
FDA will allow faster fi rst-in-human studies. Compared to time-consuming conven-
tional methods, microdosing studies with novel imaging probes can provide an 
opportunity for early assessment of the safety profi le and pharmacokinetics in 
healthy volunteers. Such rapid initial clinical studies will defi nitely accelerate the 
translation from animal test to clinical application, and so as to drug discovery pro-
cess. Furthermore, the molecular imaging fi eld has grown at a furious pace over the 
last decade, and the value of molecular imaging in drug development and screening 
is more widely accepted by pharmaceutical companies. Due to the high sensitivity 
and versatility, PET is the dominant imaging strategy in drug discovery and devel-
opment at the present. Labeling with carbon, oxygen, fl uorine will minimize the 
change to the chemical structure or even keep the structure identical. Thus the 
biodistribution of imaging probes can model the drug distribution perfectly. Even if 
the drug target is different from the imaging target, one can still use the imaging 
result as a useful surrogate to test the effi cacy of the drug at a given dose. For these 
reasons, molecular imaging is widely expected to be regularly applied in many steps 
of the drug development process in the near future. 
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 Though molecular imaging of small animals is being adopted as an attractive tool 
in drug development, there are several challenges in this relative new fi eld. Firstly, the 
imaging based quantifi cation and explanation still need to be refi ned to refl ect target 
expression or activity more accurately. For example, the imaging probes accumula-
tion on certain regions refl ected by images relates mainly to targets expression and 
probe-target interaction. However, other factors such as blood fl ow, extravasculation 
of the probes, and interstitial pressure also count. Thus, a more accurate decipher of 
the images acquired by multiple molecular imaging modalities is critical to com-
pletely replace the conventional sampling methods for PK parameters and PD end-
points evaluation. To achieve this goal, probes with optimal specifi city and affi nity to 
target molecules must be developed. In addition, further improvements in sensitivity 
and spatial/temporal resolution of the imaging techniques are still needed. In addition, 
advanced quantifi cation algorithms and models may also be required. Another hurdle 
of direct translation of small animal imaging results from rodent to humans is species-
specifi c differences such as the difference between cytochrome-P450 enzymes [ 213 ]. 
Sometimes the knockout mice are phenotypically heterogeneous, which may cause 
diffi culty in extrapolation to human disease. The introduction of “humanized mouse” 
models may alleviate this situation. The “humanized mouse” is a mouse in which 
normal or abnormal human tissue that retains human biofunction can be transplanted 
and the biofunctions can be observed by medical researchers from a clinical stand-
point. It is still a mouse but it maintains the identical biofunctions of human tissues 
such as immunological function [ 214 ]. The NOD/Shi- scid IL2rγ    null   (NOG) mouse 
[ 215 ], an excellent immunodefi cient mouse used as the basis for the humanized 
mouse, are now being used for studies in human hematopoiesis, innate and adaptive 
immunity, autoimmunity, infectious diseases, cancer biology, and regenerative medi-
cine [ 216 ]. Humanized mice may serve as a “preclinical” bridge for translating data 
from animal models to human cells and tissues before their application in the clinic. 

 The next, but not the last, challenge is the continued discovery and development of 
imaging probes. Despite the superfi cial similarity between developing imaging agents 
and drugs, the two processes are much different. An imaging agent must clear from 
regions other than the region of interest (ROI) during the time course of an imaging 
study in vivo to get a good target/non-target ratio, while the biodistribution of a drug 
is of little consequence, as long as its binding to non-target sites is nontoxic while 
maintaining activity at the target [ 217 ]. For imaging probes development, active col-
laborations among researchers in different disciplines must take place. These efforts 
include investigations by cellular/molecular biologists to identify and validate molec-
ular imaging targets, by chemists/radiochemists to synthesize and characterize the 
imaging probes, and by medical physicists/mathematicians to develop high sensitiv-
ity/high resolution imaging devices/hybrid instruments and to develop better algo-
rithms to further improve signal-to-noise ratio of a given imaging device. Close 
partnerships among academic researchers, clinicians, pharmaceutical industries, and 
the regulatory agencies are essential to promote further development of imaging 
probes, to apply molecular/functional imaging approaches to predict and evaluate 
drugs’ effects during and after treatment, to move molecular imaging guided interven-
tion strategy quickly into the clinic, and to accelerate drug development.     
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1            Multimodality Imaging: Clinical Perspective 

 Over the past few decades, there have been signifi cant advances in medical imaging, 
which have modernized the assessment of a large number of disorders and provided 
high accuracy. The advent of X-ray CT in 1973 unlocked a new-fangled era in struc-
tural imaging, which has improved over the years to further increase the number of 
clinical applications using this very powerful modality [ 1 ]. This technology had a 
profound impact on clinical practice and proved to be valuable in almost every dis-
order, predominantly in situations where surgical intervention is required for opti-
mal patient management. Subsequent to the introduction of CT, MRI became the 
major spotlight owing to its high soft tissue contrast, which enabled the investiga-
tion of soft tissue abnormalities, mostly in the central nervous and musculoskeletal 
systems [ 2 ,  3 ]. For virtually all neurological diseases, MRI has become and still is 
the preferred modality for detection and accurate characterization of the underlying 
disorder. Similarly, MRI provided superior value for the characterization of many 
musculoskeletal abnormalities owing to its high spatial and contrast resolutions that 
enable improved lesion detectability in this organ system. 

 Notwithstanding the pivotal role played by these two very powerful structural 
imaging modalities since their introduction, clinical practice has demonstrated that 
CT and MRI only depict alterations related to later manifestations of the disease 
and as such, these techniques are less sensitive for early disorders. It is nowadays 
evident that changes in cellular metabolism at the molecular level are the early signs 
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of disease activity. Therefore, early detection of these alterations may substantiate sub-
tle abnormalities not detectable by structural imaging modalities. It is worth empha-
sizing that changes at the molecular level may or may not be seen as structural 
abnormalities and in the former case, this may be delayed for weeks or months after 
the initiation of the disease process. Similarly, changes occurring following treat-
ment are not perceptible on these images for some time after accomplishment of 
therapeutic interventions. Given that some therapeutic strategies may not be suc-
cessful and should be terminated and substituted with alternative treatments, such 
delays may negatively affect the optimal management of numerous severe diseases 
such as cancer, cardiac diseases, and central nervous and orthopedic disorders. 
Consequently, it was realized that improvement upon the limitations of structural 
imaging modalities was necessary. 

 Molecular imaging technologies based on the tracer principle [ 4 ], such as SPECT 
and PET, have surmounted many of the shortcomings of structural imaging tech-
niques. For instance, PET, which utilizes positron-emitting tracers, proved to be a 
very powerful imaging modality providing the exquisite spatial and contrast resolu-
tions needed for early stage disease detection, thus allowing swift implementation 
of therapeutic interventions. PET also emerged as the molecular imaging modality 
of choice owing to its capability of providing accurate quantifi cation of disease 
activity as well as high precision and reproducibility. 

 The introduction of  18 F-Fluorodeoxyglucose (FDG) by investigators at the 
University of Pennsylvania initiated a new period in medical imaging which has 
expanded into many areas of study over the past three decades [ 5 ]. While the intent 
of these scientists when introducing this compound was to investigate neuropsychi-
atric disorders, soon after its introduction it became apparent that FDG is an out-
standing marker for evaluating disease activity in cancer. Today FDG-PET is 
routinely used for managing many kinds of malignancies not only at diagnosis, but 
also during staging, assessing response to treatment, and detection of recurrence. 
However, FDG is a nonspecifi c tracer for detecting cancer since it is also taken up 
by the infl ammatory cells in various settings. This has led the utility of this com-
pound in evaluating infection, infl ammation, atherosclerosis, thrombosis and mus-
cle disease [ 6 ]. 

 The term hybrid imaging implies acquiring scans with a single imaging instru-
ment that provides two data sets that can be reviewed alone or fused together. During 
the last two decades, SPECT or PET scanners have been assembled with CT as a 
hybrid unit enabling a large number of clinical studies to be performed worldwide 
with the utilization of both modalities. This approach permits the correlation of 
images produced by both instruments either fused together or side by side for pre-
cise localization of molecular abnormalities at various anatomical sites as visual-
ized on CT images. Similarly, PET and MRI images can be fused electronically to 
pinpoint the position of abnormalities detected on PET on MRI. Different confi gu-
rations of hybrid PET/MRI systems are since few years commercially available and 
it is expected that such assemblies will be valuable in many disorders [ 7 – 9 ]. 
Therefore, it is appropriate to review the use of combined PET, CT and MRI in 
various clinical and research settings in order to understand their potential role in 
current and future clinical practice. 
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 Based on what has been learned over the past decade, the impact of hybrid 
 imaging in managing patients in a multitude of disorders has been enormous. This 
also is applicable to improving the ability of clinical scientists to conduct research 
in a variety of disorders. A large number of scientifi c reports have shown that hybrid 
imaging with either SPECT or PET combined with CT provided valuable informa-
tion not achievable with either technique alone. In addition, with hybrid imaging, 
the number of equivocal results is reduced compared to the use of one imaging 
technique without the other. For decades, physicians have used side-by-side visual 
interpretation of images generated by different modalities, necessarily obtained at 
different times. Now, along with the introduction of combined hybrid imaging 
instruments, major efforts have focused on developing software-based solutions for 
image registration that allow image fusion of different organs for research as well as 
clinical purposes. This is of particular value in organs such as the brain where ana-
tomic landmarks allow successful co-registration of structural and functional imag-
ing with submillimetric accuracy. However, the role of such approaches may become 
less in the future, as hybrid imaging with dedicated instruments becomes widely 
available. This is particularly true for combined PET/MRI for examining brain, pel-
vis, head and neck, and musculoskeletal systems. 

 It must be pointed out that perfect co-registration of functional and structural 
imaging techniques may not be feasible because of physiologic activities that con-
tinue to occur between acquisitions of two sets of images. For example, CT images 
are obtained within a short period of time for most of the body, whereas PET images 
require a longer period of time for completion. Therefore, respiratory motion and 
bowel contractions may prevent perfect registration between the two sets of images. 
Fortunately, with improvements in software capabilities, the effects of such biologic 
factors have been minimized recently. 

 It should also be emphasized that combination of structural and functional 
images allows more accurate quantifi cation than that achievable with functional 
imaging alone. The use of structural imaging along with functional techniques made 
it possible to correct for partial volume effects. Also, increasingly global assessment 
of disease activity is becoming of great interest to the medical community for can-
cer and other disorders. By generating partial volume corrected quantitative data 
and measuring volumes by functional/structural techniques, one can assess global 
disease burden which allows accurate characterization of disease activity and fol-
lowing the natural course and the effect of treatments at different time points soon 
after they are initiated.  

2     The Promise of Preclinical Multimodality Imaging 

 Beside the enormous potential of PET as a clinical tool, the technique is also being 
exploited in biomedical research involving the use of small laboratory animals to 
visualize and track a number of molecular processes associated with diseases such 
as cancer, cardiovascular disease and neurological disorders in living small animal 
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models of human disease. Multimodality small-animal molecular imaging has 
become increasingly important as transgenic and knockout mice are produced to 
model human diseases. With the ever increasing number and importance of human 
disease models, particularly in rodents (mice and rats), the ability of high resolution 
and high sensitivity multimodality molecular imaging technology to contribute 
unique information is becoming more common and indispensable. Multimodality 
imaging offers the capability of combining various modalities and recording either 
sequentially or simultaneously complementary information gathered from SPECT, 
PET, CT, MRI, optical, fl uorescence, and bioluminescence imaging. Such informa-
tion proved to be useful in many basic research experiments involving laboratory 
animals [ 10 ]. 

 Recent advances in radiochemistry/radiopharmacy and tracer production tech-
nology combined with innovations in molecular/cell biology made it possible to 
design specifi c molecular imaging probes enabling to selectively target molecular 
pathways and to visualize in vivo events in small-animals to investigate disease 
processes non-invasively [ 11 ]. Murine models are now playing a pivotal role in 
devising contemporary concepts of mammalian biology and human disease, thus 
enabling large scale studies aiming at evaluating novel diagnostic and therapeutic 
strategies to be conducted [ 12 ,  13 ]. In addition, manipulation of the genome using 
transgenic and knock-out techniques is now feasible, making it possible to adapt 
animal models replicating accurately biological and biochemical processes in 
humans. The development of tumors in rodents representative of the main types of 
human cancers is also possible using currently available mouse models. Similarly, 
the potential role of molecular imaging using small-animals in neuroscience [ 14 ] 
and cardiovascular [ 15 ] research is well acknowledged. With the unrestricted pos-
sibilities they offer, transgenic and knockout mice are playing a pivotal role in bio-
medical research, and at the present time, transgenic rodents can be developed to 
address many basic research questions related to the genetic, molecular, and cellular 
basis of biology and a variety of diseases [ 16 ]. In addition to facilitating the investi-
gation of disease in its natural state, in vivo preclinical imaging assays are employed 
to guide the discovery and design of new therapeutic strategies of human disease. 

 During the last two decades much worthwhile research and development efforts 
were devoted to the development of small-animal imaging instrumentation resulting 
in the design of highly sophisticated systems with submillimetric spatial resolution 
and very high sensitivity. Recent advances seem to suggest that with the physical 
performance of current small-animal imaging units, we are approaching the intrin-
sic physical performance achievable. This has stimulated the investigation and 
conceptual design of novel ground-breaking strategies and approaches allowing 
improved performance at similar or even reduced cost, compared to existing tech-
nologies. The use of small-animal molecular imaging instrumentation is expected to 
continue to grow as more molecular targeted imaging agents are being developed. 
Today, there are more than 70,880 PUBMED entries when searching for the mesh 
terms shown in Fig.  25.1 . The arguments supporting the need of multimodality 
imaging in the context of clinical imaging are equally valid for small-animal imag-
ing where the prospective advantages of combining molecular and structural 
 imaging has been well documented [ 10 ].
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3        Challenges of Multimodality Preclinical Imaging 

 There are several challenges that face the use of preclinical multimodality imaging 
in biomedical research beyond those faced in clinical setting and that may represent 
inherent limitations in these technologies. First, preclinical imaging is commonly 
performed in experimental laboratories rather than in clinical facilities, thus putting 
additional requirements in terms of accessibility, user-friendless and running cost. 
Second, the dedicated small-animal scanner must have excellent performance char-
acteristics including high spatial resolution and high sensitivity required for 
improved detectability of small lesions and the possibility to acquire data within 1 h 
during which the rodent can be safely anesthetized. In addition, the high sensitivity 
enables to decrease the amount of the radiotracer that needs to be injected to the 
animal, thus reducing the radiation dose which at higher levels can change the 
model characteristics or cause lethality [ 17 ]. 

 Small-animal imaging brings about problematic challenges to design and construct 
scanners with micron level tolerances and resolution/sensitivity issues are not straight-
forwardly determined. Much worthwhile research was carried out to address the 
important challenges that must be overcome in implementing and operating novel and 
innovative PET design concepts and technologies on the horizon that are under devel-
opment in academic and corporate settings. Many of these systems are yet to be 

  Fig. 25.1    The increasing number of annual peer-reviewed publications reporting on the use of 
small-animal molecular imaging in preclinical research demonstrates the growing interest in this 
technology. This graph is based on a PubMed query with using the following mesh terms: 
“ANIMAL” OR “MOUSE” OR “RAT” AND “POSITRON EMISSION TOMOGRAPHY” OR 
“SINGLE PHOTON EMISSION COMPUTED TOMOGRAPHY” OR “PET” OR “SPECT”. 
A time line was created with MEDSUM: an online MEDLINE summary tool by Galsworthy, MJ. 
Hosted by the Institute of Biomedical Informatics (IBMI), Faculty of Medicine, University of 
Ljubljana, Slovenia (  www.medsum.info    )       
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implemented to overcome the current challenges for advancing multimodality 
small- animal imaging technology [ 18 ]. An important asset of small-animal compared 
to clinical instrumentation is the small size of the scanner, which enables new detec-
tion modules, promising design concepts and innovative reconstruction strategies to 
be implemented and evaluated at a reasonable cost (see Chaps.   4    –  8    ). 

 When combining different imaging modalities, there are always trade-offs to be 
made that can cause undesired complications. For instance, a sequential dual- 
modality PET/CT scanner requires longer time to acquire both images compared to 
acquiring data on two scanners in parallel. The additional cost and complexity may 
generate inconveniences with system operation and funding. The size of the hybrid 
system may be much bigger than expected. Accurate knowledge of the precise 
location of the subject within each modality becomes vital for image coregistration, 
which can be infl uenced by many physical and instrumentation related factors. 
Depending on the modalities and energies involved, there may also be signifi cant 
crosstalk between them, further degrading image quality and quantitative accuracy. 
For small-animal imaging, the combination of multiple imaging modalities into 
one gantry seems to be driven by market forces that are not always supported by 
scientifi cally sounds arguments and justifi cations. Nevertheless, it is up to the user 
to decide what is useful and what should be in the market to satisfy their 
requirements. 

 There are many other challenges that need to be addressed on a daily basis in 
small-animal facilities (see Chap.   18    ). This includes animal handling to make avail-
able a large cohort of various rodent models of human disease, optimal use of anes-
thesia and heating, providing easy animal access, monitoring of physiological 
parameters such as heart rate, temperature, respiration or blood pressure, hydration 
during the course of the study, enabling sub-millimeter reproducible positioning, 
dealing with the lack of standardized image format standard across modalities (e.g. 
similar to DICOM used in clinical imaging), and biosafety issues related to the use 
of immune compromised animals, biohazardous and infectious agents [ 10 ]. Most 
likely the main challenge to multimodality preclinical systems is that adding more 
options increases the gantry size, further limiting access to the animals. This is a 
relevant issue, particularly when monitoring the rodent welfare and interventions 
or when blood sampling is required. Since animal physiology support has become 
more widely adopted and supported, newer systems were carefully designed to 
include physiological and video monitoring [ 19 ].  

4     Summary and Future Directions 

 In this volume of hot topics on multimodality small-animal molecular imaging, we 
present some of the most innovative and novel approaches that have been intro-
duced to biomedical research by using state-of-the-art molecular imaging technol-
ogy ranging from single-modality scanners to systems combining two or three 
different imaging modalities. Current trends and new horizons in preclinical 
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multimodality imaging in vivo and their role in biomedical research are described in 
detail. Future prospects, research trends and challenges are identifi ed and directions 
for future research are discussed. 

 Molecular imaging techniques based on the tracer principle using either single- 
photon or positron-emitting compounds by using SPECT or PET contain limited 
anatomic information about the location of the body part being examined, which is 
further enhanced by combining the results with the corresponding structural imag-
ing information available from CT or MRI. Although other approaches are being 
explored including ultrasound and endoscopic imaging studies, it was decided not 
to include these latter techniques in this volume. There is still scope for ground- 
breaking designs of hybrid units combining functional (SPECT, PET) and other 
imaging modalities (CT, MRI, US, optical) and given the imagination and creativity 
of currently active research groups, the future of preclinical multimodality imaging 
is defi nitely bright. 

 This is an exciting time for translational molecular imaging. During the last two 
decades, the number of published papers reporting on the development or use of 
multimodality small-animal imaging technology has been growing steadily, which 
motivated the compilation of this volume as a snapshot of this dynamically chang-
ing fi eld. The development of small-animal imaging instrumentation has been very 
rapid and exciting, and there is every reason to believe the fi eld will move forward 
more rapidly in the near future with the advent of novel technologies and method-
ologies and the unlimited imagination of active researchers. Despite the remarkable 
achievements summarized in this volume and other peer-reviewed journals, there is 
still scope for further research. There is no shortage of challenges and opportunities 
for small-animal imaging instrumentation and quantitative imaging techniques at 
the present time. We hope that in this limited space we were able to give the reader 
a fl avor of recent developments in the fi eld and their potential applications in pre-
clinical setting. We found the compilation of this volume to be a rewarding and 
educational experience and hope that the reader is left with the same experience. 

 In summary, multimodality small-animal molecular imaging is an area of consid-
erable research interest and many research groups are very active in this fi eld, lead-
ing the molecular imaging community to predict a promising progress during the 
next few years.     
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