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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 (!*°I, 2T or 13'), or else by attaching a chelat-
ing agent incorporating one of the other common single photon emitters with suit-
able imaging properties, such as *Tc or !!'In. 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 !!'In-oxyquinoline labelled stem cells and *™Tc-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 ''In and the 140 keV
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photons of *™"Tc 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



4 Design Considerations of Small-Animal SPECT Cameras 139
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resolution of approximately 1 cm? at the centre of the FOV, a mouse SPECT system
would require volumetric resolution of 3x 10~ cm? (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
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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 *"Tc 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
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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:

ox
N = nD/(zj 4.1

where D is the diameter of the FOV (or object of interest centred on the AOR) and
ox 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 I (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


http://dx.doi.org/10.1007/978-1-4939-0894-3_3

4 Design Considerations of Small-Animal SPECT Cameras 145

b

a 5 mm

Fig. 4.2 (a) Hamamatsu R3292-02 PS-PMT and pixelated Nal(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

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
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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, (¢) the collimator and the animal rotates in front of a stationary detector
and (d) the system and animal are stationary

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
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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 Nal(Tl) inorganic scintil-
lation crystals coupled to PMTs. The rotating tungsten pinhole collimator has
8x 1 mm? 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~ MBq™!
(or 0.00037 %) with a transaxial FOV suitable for mouse imaging.
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1%, equivalent to 1,740 MBq, 36 s, or 17 MBq, 60 min

Fig. 4.4 Whole body **Tc-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)

Furenlid et al. [38] developed a stationary small animal SPECT system
(FastSPECT 1I) 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~ MBq™ 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
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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(T1)] and caesium iodide doped with
thallium [CsI(T1)] 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 Nal(T1), CsI(T1) and CsI(Na).

Nal(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(TI) has greater den-
sity and light output but slower decay time than Nal(Tl). They have a similar
refractive index but CsI(T1) is only slightly hygroscopic, making it less likely to
deteriorate over time. CsI(Na) exhibits the best characteristics of Nal(TI) and
CsI(T1) 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 (1540 %) 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™ 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™)
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

L
M== 4.2
b 4.2)
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Fig. 4.5 Cross sections of pinhole collimators with (a) knife and (b) keel edges

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 R,,; and effi-
ciency g of the imaging system are proportional to the pinhole aperture diameter d.
When calculating the R,,; 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 d.z instead of d:

d,, =\/d[d+2u'1 tan (a /2)] (4.3)
1

R, ~d,|1+ I “4.4)
cos’ 0

&=y ep *

where a is the acceptance angle of the pinhole opening, u is the linear attenuation
coefficient of the pinhole material for the energy of the gamma ray being imaged
and @ 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= 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™ and a linear attenuation coefficient of 34.48
cm™! for 140 keV gamma rays [43]. The tenth value thickness (In10/p) 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
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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 R, for
a pinhole system and detector with intrinsic spatial resolution R; is given by

(4.6)

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.

1 R
R, =d [1 + ﬁj = ﬁ 4.7

Therefore, an efficient trade-off between sensitivity and resolution is achieved
when the pinhole aperture size is

R
dgy =— 4.8
eff M +1 ( )

Note, for pixelated sensors the pixels are square and the response is discrete. Then,
d.z 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 R;, 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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Fig. 4.6 Projections of a simulated cylinder through (a) one pinhole, (b) four pinholes without
multiplexing and (c) four pinholes with multiplexing

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
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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.
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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 expectation maximisation (OS-EM) is a modification of ML-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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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 Nal(Tl)  PMT Multi-pinhole with multiplexing
U-SPECT-II [5] Monolithic Nal(TI) PMT Multiple focussed pinholes
Inveon SPECT Pixelated Nal(T1) PS-PMT Single and multi-pinhole
YAP-(S)PET Pixelated YAP:Ce PS-PMT Parallel hole

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 Nal(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
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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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