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Abstract
State-of-the-art multi-pinhole SPECT devices allow for sub-mm resolution
imaging of radio-molecule distributions in small laboratory animals. The
optimization of multi-pinhole and detector geometries using simulations based
on ray-tracing or Monte Carlo algorithms is time-consuming, particularly
because many system parameters need to be varied. As an efficient alternative
we develop a continuous analytical model of a pinhole SPECT system with a
stationary detector set-up, which we apply to focused imaging of a mouse. The
model assumes that the multi-pinhole collimator and the detector both have
the shape of a spherical layer, and uses analytical expressions for effective
pinhole diameters, sensitivity and spatial resolution. For fixed fields-of-view,
a pinhole-diameter adapting feedback loop allows for the comparison of the
system resolution of different systems at equal system sensitivity, and vice
versa. The model predicts that (i) for optimal resolution or sensitivity the
collimator layer with pinholes should be placed as closely as possible around
the animal given a fixed detector layer, (ii) with high-resolution detectors a
resolution improvement up to 31% can be achieved compared to optimized
systems, (iii) high-resolution detectors can be placed close to the collimator
without significant resolution losses, (iv) interestingly, systems with a physical
pinhole diameter of 0 mm can have an excellent resolution when high-resolution
detectors are used.

1. Introduction

Dedicated single-photon emission computed tomography (SPECT) and positron emission
tomography (PET) instruments in concert with the radio-labeling of small molecules,
antibodies, peptides and probes for gene expression have facilitated in vivo assessment of

0031-9155/07/092567+15$30.00 © 2007 IOP Publishing Ltd Printed in the UK 2567

http://dx.doi.org/10.1088/0031-9155/52/9/016
mailto:f.beekman@umcutrecht.nl
http://stacks.iop.org/PMB/52/2567


2568 M C M Rentmeester et al

molecular mechanisms and the development of new tracers and pharmaceuticals. Recent
instrumentation developments in this multi-disciplinary field of radio-molecular imaging have
initiated a revolution in biomedical sciences. However, improving image resolution is, among
other things, essential to fully exploit available disease models and tracers. SPECT systems
employing pinhole collimators permit radio-labeled molecule distributions to be imaged
in vivo in small animals at sub-mm resolution level. Several pinhole SPECT systems, stationary
and non-stationary, have been designed and constructed in recent years, e.g., (Palmer and
Wollmer 1990, Rogulski et al 1993, Rowe et al 1993, Jaszczak et al 1994, Ishizu et al 1995,
Weber and Ivanovic 1999, Wu et al 2000, Liu et al 2002, McElroy et al 2002, Meikle et al 2002,
Beekman and Vastenhouw 2004, Furenlid et al 2004, Beekman et al 2005). Some overviews
and introductions to the subject of small animal SPECT have been published recently, e.g.,
(King et al 2002, Meikle et al 2006, Beekman and van der Have 2007).

For gamma-ray detection, a whole spectrum of detectors is available. On one end of this
range conventional detectors based on continuous scintillation crystals can be found, typically
10 mm thick NaI, with photo-multiplier tubes (PMTs) exploiting the Anger principle (Anger
1958). These detectors typically have an intrinsic resolution of about 3–4 mm. Instead of
PMTs, various other detection techniques are used and new techniques are being investigated
(Barrett and Hunter 2005). On the other end of the spectrum are the very high-resolution
detectors that can reach resolutions below a 100 µm. Compared to conventional detectors,
high-resolution detectors are orders of magnitude more expensive per unit of detector surface,
which currently limits their applicability.

Two groups have designed, constructed and evaluated stationary small animal SPECT
systems based on polygonal geometries: the FastSPECT systems of the University of Arizona,
e.g. (Klein et al 1995, Furenlid et al 2004), and the U-SPECT systems developed at the
University Medical Center Utrecht (Beekman and Vastenhouw 2004, Beekman et al 2005,
Beekman and van der Have 2007). The FastSPECT II system consists of a modular 16
camera set-up, based on conventional NaI detectors. In the basic configuration suitable for
small-animal imaging, with 1 mm pinholes FastSPECT-II reaches a system resolution of about
2.5 mm and a sensitivity of 0.04% (Furenlid et al 2004). The first U-SPECT system was based
on conventional detectors with an intrinsic resolution of 3.2 mm. Using 0.6 mm pinholes,
a reconstructed resolution of <0.5 mm can be obtained (Vastenhouw and Beekman 2007)
and a reconstructed resolution of �0.35 mm is possible using 0.3 mm pinholes (Beekman
et al 2005, van der Have et al 2005). As a result, U-SPECT-I allows for discrimination of
molecule concentrations in adjacent volumes as small as about 0.1 µl (using 0.6 mm pinholes)
or 0.04 µl (using 0.3 mm pinholes). A similar stationary system (U-SPECT-III) but with high-
resolution detectors (<100 µm) based on EMCCDs (de Vree et al 2005) was recently proposed
(Beekman and Vastenhouw 2004). Other groups are also pursuing the goal of constructing
high-resolution SPECT systems based on high-resolution detectors, e.g., (Rogulski et al 1993,
Barber 1999, Peterson et al 2003, Barrett and Hunter 2005, Meng et al 2006, Nagarkar et al
2006, Soesbe et al 2006).

The U-SPECT systems are designed in such a way that all pinholes focus on a small
volume of interest. In this way a specific object area is adequately magnified on the detector
plane, while only a limited part of the available detector surface is required for creating each
mini pinhole camera. All these cameras together result locally in a very high sensitivity, e.g.,
0.22% with 0.6 mm pinholes with U-SPECT-I. The field-of-view can be extended for sub-mm
full-body imaging by moving the focus to different positions through translation of the bed
(Beekman et al 2004, Vastenhouw and Beekman 2007). This will result in a lower average
sensitivity. However, resolutions of ≈0.5 mm can still be reached, even when total-body scans
are performed with this focusing device.
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Figure 1. Left: cross section of the spherical layer shells that constitute our SPECT model together
with the mouse to be studied. All defining quantities of the model are shown. Right: projection
of the central field-of-view through one pinhole onto the detector. The knife-edge pinholes with
pinhole diameter d are shaped in such a way that the central field-of-view is projected without
being obstructed by the collimator.

Optimization studies of SPECT systems are often based on simulations. Simulations based
on ray-tracing have been used for studies of complete pinhole systems, e.g. (Beekman and
Vastenhouw 2004, Staelens et al 2006), while simulations based on Monte Carlo algorithms
were used to study particular aspects of pinhole systems, e.g., (Smith and Jaszczak 1998, Gieles
et al 2002, Deloar et al 2003, Song et al 2003, van der Have and Beekman 2004, van der
Have and Beekman 2006, Cao et al 2005). These simulations tend to be very time-consuming.
The goal of the present paper is (i) to develop an analytical model of stationary multi-pinhole
SPECT and (ii) to exploit the model as a guide for optimizing and comparing two classes
of focusing pinhole SPECT systems. One class represents systems based on conventional
detectors such as U-SPECT-I and FastSPECT. The other represents designs that anticipate the
use of gamma cameras with a high resolution detector such as U-SPECT-III (Beekman and
Vastenhouw 2004).

2. Methods

The geometry used in the analytical system model that will be employed is shown in the left
panel of figure 1. Both the detector set-up and collimator are modeled as spherical layers with
radii rd and rc respectively. In this study all systems that are compared have an equally-sized
spherical area with radius rf in which each point is seen by all pinholes (see the right panel
of figure 1). This area we denote as ‘central field-of-view’ (CFOV). rf is chosen such that
it is large enough to cover the mid-brain or heart of a mouse. The collimator contains knife-
edge pinholes with a physical pinhole diameter d and aperture material with an attenuation
coefficient µ. The actual number of pinholes that can be employed is determined by the radius
of the CFOV, the size of the detector and the requirement that the projections of the CFOV on
the detector do not overlap. To facilitate numerical optimization, the number of pinholes is a
continuous variable, i.e., allowing for non-integer values. The detector scintillation crystals
provide an intrinsic resolution Ri , and have a capturing efficiency ε. The opening angle of the
detector, ω, is fixed. Together with rd it determines the size of the detector. The collimator
radius rc is always chosen in such a way that it allows for physical insertion into the detector
layer as well as for the insertion of the animal into the collimator. The quantities rf , rc, rd, Ri ,
µ, ω, ε and d define the system. In the right panel of figure 1 the configuration of one
knife-edge pinhole of the system is shown. The opening angle α of the pinhole is always
chosen as small as possible to maximize the stopping power of the pinhole aperture material,
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but such that the pre-defined CFOV is projected on the detector without being truncated by
the collimator, therefore α equals 2 arcsin(rf /rc).

Once the geometry and physical properties of the system are known, the size of the
projection of the CFOV through one pinhole onto the detector can be calculated. This
projection is a spherical cap on the detector with a surface Sp of approximately

Sp ≈ π

[
rf

(rd − rc)

rc

]2

. (1)

We demand that the projections of the CFOV on the detector do not overlap. This implies that
approximately a fraction of π/4 of the continuous detector surface will actually be covered
with non-overlapping spherical cap projections. The number of pinholes in the collimator is
determined by dividing the totally available detector surface by Sp and explicitly taking the
cover fraction π/4 into account.

The system resolution is calculated as follows:

Rt =
√(

rc

rd − rc

)2

R2
i + R2

geo (2)

with the geometrical resolution in the center of the system

Rgeo = deff,R
rd

rd − rc

. (3)

Here we take penetration effects along the knife-edges of the pinhole apertures into account
following (Accorsi and Metzler 2004): the effective pinhole diameter in the resolution sense
is given by

deff,R = d +
ln(2)

µ
tan

(α

2

)
. (4)

Note that the reconstructed resolution can be significantly better than the system resolution of
equation (2) when photon transport through the pinhole aperture edge plus detector blurring
are modeled during iterative reconstruction of the image.

The sensitivity resulting from projection through one pinhole can be computed taking
penetration and attenuation effects of the knife-edge pinhole-aperture material into account
(Metzler et al 2001):

deff,S =
√

d2 +
2

µ
d tan

(α

2

)
+

2

µ2
tan2

(α

2

)
. (5)

Multiplied by the number of pinholes N in the collimator, this gives the total sensitivity of the
system for a point source in the middle of the CFOV:

S = N · d2
eff,S

16r2
c

. (6)

When the detector is fixed this leaves the collimator with pinholes as the part that can be
modified most easily. To determine the collimator parameters that give the best performing
system we employ a scheme where we start with a reference system with a given resolution
and sensitivity. We look for a possible improvement of the system by varying rc and d
simultaneously while keeping the sensitivity (or resolution) on a fixed value as a constraint.
Then the pairs of values for rc and d can be determined for which the system resolution (or
sensitivity) of the new system improves over the reference system. This is done numerically,
or visually from graphs.
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The same procedure is applied when other parameters are varied, e.g., the detector radius
rd and d while keeping the collimator radius rc constant.

3. Results

3.1. Conventional detector systems (CDS)

For optimization of CDS, first a reference system with parameters approximating U-SPECT-I
was determined. The reference sensitivity and resolution for the case of gold pinholes of 0.3
and 0.6 mm were calculated. All calculations were performed for 99mTc at 140 keV, where
the attenuation coefficient for gold µ = 4.27 mm−1 (Berger et al 1999). The CFOV radius
was chosen rf = 6 mm and the collimator radius rc = 24 mm. The gamma detectors are
approximated by a detector with radius rd = 190 mm and opening angle ω = 25◦. Like U-
SPECT-I, a detector with 10 mm NaI scintillation crystals was assumed which has a capturing
efficiency for perpendicular incidence, neglecting depth-of-interaction effects, ε = 0.89 at
140 keV and intrinsic resolution Ri = 3.2 mm. Based on these input parameters the model
implies that the system has 60 complete pinhole projections, system resolution Rt = 0.87 mm,
and system sensitivity S = 0.25% for d = 0.6 mm pinholes, and Rt = 0.61 mm, S = 0.077%
for d = 0.3 mm pinholes. The model input parameters and resulting system properties are
summarized in the first two columns of table 1.

With this fixed-detector set-up, optimization is possible by varying the collimator
parameters. First the sensitivity is kept fixed at the reference system’s value for radius
rc = 24 mm, i.e., S = 0.077% for d = 0.3 mm, and S = 0.25% for d = 0.6 mm (see table 1).
By then varying rc and d simultaneously different values for Rt are obtained. The top two
panels of figure 2 show, as a function of rc, the resulting system resolution Rt as well as the
resulting pinhole diameter d. The optimal system resolution is found when the collimator
with pinholes is placed as close as possible to the object. For S = 0.077% an improvement in
resolution of 26% can be attained while for S = 0.25% an improvement of 13% is possible
compared to the reference system (table 2). Here we chose a lower limit of rc = 14 mm to
allow an actual mouse to fit into the measuring cavity.

The bottom panels of figures 2 and 3 show the results of optimizing the system’s sensitivity
for fixed system resolutions: Rt = 0.61 mm (d = 0.3 mm) and Rt = 0.87 mm (d = 0.6 mm).
Again, rc and d are varied simultaneously but now Rt is to be kept fixed. The resulting
sensitivities and pinhole diameters are shown in the bottom two panels of figure 2. The
same trend as with the optimization for resolution is observed, i.e., the optimal sensitivity is
found when the collimator with pinholes is placed as close as possible to the object. Keeping
Rt fixed at 0.87 mm an increase in sensitivity of 36% is achievable while for a Rt fixed at
0.61 mm a sensitivity increase of even 108% is achievable (see table 2), where we chose a
lowest limit rc = 14 mm for the collimator again.

The characteristics of CDS with larger detector radii (rd = 240 mm and 290 mm) are also
shown in table 1. As the magnification increases, so does the system resolution. Compared
to the system with rd = 190 mm a 13% better resolution can be reached by setting rd to
290 mm while the sensitivity decreases with only 8%.

For these three different CDS detector sizes the system parameters were optimized for
resolution by keeping the sensitivity S fixed. The resulting system resolution and pinhole
diameters are displayed in figure 3 and the left half of table 2 (with 14 mm taken as the
minimum value for rc). The effect of using a larger detector on the optimal resolution becomes
more significant for larger collimator diameters. When keeping rc fixed at the realistic value of
24 mm, with bigger detectors the system resolution can be improved up to 10% (for S = 0.25%)
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Table 1. Above the horizontal line the model parameters for several representative systems with conventional detectors (CDS) and high-resolution detectors (HRDS) are presented. The
parameters that are not given are the same for all systems considered here: rf = 6 mm, rc = 24 mm, µ = 4.27 mm −1 and ω = 25◦. Below the horizontal line the resulting system
properties for these configurations are given.

CDS HRDS HRDS HRDS HRDS

d (mm) 0.3 0.6 0.6 0.6 0.024 0.22 0.3 0.024 0.22 0.3 0.11 0.45 0.59 0.11 0.45 0.59
rd (mm) 190 190 240 290 30 75 190 30 75 190 30 75 190 30 75 190
Ri (mm) 3.2 3.2 3.2 3.2 0.1 0.1 0.1 0.2 0.2 0.2 0.1 0.1 0.1 0.2 0.2 0.2

No. of pinholes 60 60 56 54 754 99 60 754 99 60 754 99 60 754 99 60
α (◦) 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29 29
Rg (mm) 0.39 0.74 0.71 0.70 0.33 0.39 0.39 0.33 0.39 0.39 0.76 0.39 0.72 0.33 0.72 0.72
Rt (mm) 0.61 0.87 0.80 0.76 0.52 0.40 0.39 0.76 0.40 0.39 0.86 0.39 0.72 1.10 0.73 0.72
S (%) 0.077 0.25 0.24 0.23 0.077 0.077 0.077 0.077 0.077 0.077 0.25 0.25 0.25 0.25 0.25 0.25
deff,R (mm) 0.34 0.64 0.64 0.64 0.066 0.26 0.34 0.066 0.26 0.34 0.15 0.49 0.63 0.15 0.49 0.63
deff,S (mm) 0.37 0.66 0.66 0.66 0.10 0.29 0.37 0.10 0.29 0.37 0.18 0.51 0.65 0.18 0.51 0.65
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Table 2. Optimization results for CDS systems with parametrizations of table 1 for three different detector radii. In the top half the results for the collimator configuration and optimal
system resolution are shown when the sensitivity is kept fixed; in the bottom half the sensitivity when the system resolution is kept fixed. The left half shows the optimal results; the right
half shows the results when a realistic value for the collimator radius was taken: rc = 24 mm.

rd 190 mm 240 mm 290 mm 190 mm 240 mm 290 mm

S fixed (%) 0.077 0.25 0.077 0.25 0.077 0.25 0.077 0.25 0.077 0.25 0.077 0.25

Optimal Rt (mm) 0.45 0.76 0.42 0.74 0.40 0.73 0.61 0.87 0.53 0.82 0.49 0.79
rc (mm) 14.0 14.0 14.0 14.0 14.0 14.0 24.0 24.0 24.0 24.0 24.0 24.0
No. of pinholes 18 18 18 18 18 18 61 61 56 56 55 55
d (mm) 0.26 0.58 0.27 0.60 0.27 0.61 0.30 0.60 0.31 0.62 0.32 0.63

R fixed 0.61 0.87 0.61 0.87 0.61 0.87 0.61 0.87 0.61 0.87 0.61 0.87

Optimal S (%) 0.16 0.34 0.17 0.35 0.17 0.35 0.075 0.25 0.12 0.29 0.14 0.31
rc (mm) 14.0 14.0 14.0 14.0 14.0 14.0 24.0 24.0 24.0 24.0 24.0 24.0
No. of pinholes 18 18 18 18 18 18 61 61 56 56 55 55
d (mm) 0.43 0.69 0.46 0.72 0.48 0.74 0.29 0.60 0.40 0.67 0.45 0.71
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Figure 2. Optimization results of a conventional detector system (CDS): optimal system resolution
and sensitivity are obtained when the collimator is placed as close as possible to the animal. The
two top figures show the resulting system resolution Rt and corresponding pinhole diameter d
are shown as a function of the collimator radius rc for fixed sensitivities S = 0.25% and 0.077%.
The two bottom figures show the results for the sensitivity and pinhole diameter when the system
resolution is kept fixed at Rt = 0.61 mm and 0.87 mm.

or about 20% (for S = 0.077%) compared to the reference systems with the same sensitivities
(see the right half of table 2).

3.2. High-resolution detector systems (HRDS)

For HRDS three different values for the detector radius rd (30, 75 and 190 mm) and two
different intrinsic resolutions Ri (0.1 and 0.2 mm) are investigated. To enable comparison
with the CDS model, we choose all the other system parameters (rf , rc, µ, ω, ε) identical
except for the pinhole diameter d. For each of the systems the pinhole diameter is chosen such
that the resulting sensitivity of the system is 0.077% or 0.25%, corresponding with the CDS
reference system’s sensitivities for d = 0.6 and d = 0.3 mm pinholes, respectively. For these
12 configurations the model parameters and the resulting system properties are displayed in
table 1.

Table 3 and figure 4 show that a system resolution of an HRDS system can be improved up
to 49% when compared to the unoptimized CDS system (with Rd = 190 mm) when compared
at equal sensitivity, and up to 31% better resolution is reached when compared to the optimized
CDS system (with Rc = 14 mm and Rd = 190 mm), a number for which the optimal value of
Rc is rather independent of the detector radius. Again, it is beneficial to place the pinholes as
close as possible to the mouse. This, however, could lead to a rather low number of pinholes.
Such set-ups can conflict with a minimum number of pinholes that is required to cover the
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Figure 3. For three different detector sizes of a CDS system and two fixed values for the system
sensitivity, the system resolution Rt and pinhole-diameter d as a function of rc are shown. A bigger
detector size (bigger magnification) gives better results.

Table 3. The results (system resolution and collimator configuration) of optimization for resolution
for several HRDS system configurations as given as in table 1. The sensitivity is kept fixed at S =
0.077% or S = 0.25%.

HRDS

rd (mm) 30 75 190 30 75 190
Ri (mm) 0.1 0.1 0.1 0.2 0.2 0.2

S fixed (%) 0.077

Optimal Rt (mm) 0.31 0.35 0.36 0.35 0.35 0.36
rc (mm) 14.0 14.0 14.0 14.0 14.0 14.0
No. of pinholes 54 24 18 54 24 18
d (mm) 0.086 0.21 0.26 0.086 0.21 0.26

S fixed (%) 0.25

Optimal Rt (mm) 0.68 0.70 0.71 0.69 0.70 0.71
rc (mm) 14.0 14.0 14.0 14.0 14.0 14.0
No. of pinholes 54 24 18 54 24 18
d (mm) 0.28 0.49 0.58 0.28 0.49 0.58

CFOV from a sufficient number of different angles in a pure stationary mode. In the case of
too small a number of angles, better sampling can then be achieved by moving the bed; see,
e.g., (Beekman et al 2004, Vastenhouw and Beekman 2007).
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Figure 4. The results of optimization for system resolution of a HRDS system with three different
detector radii and Ri = 0.1 mm. The two top figures show the resulting system resolution and
corresponding pinhole diameter as a function of rc for fixed sensitivity S = 0.077%; the two bottom
figures for S = 0.25%.

Since high-resolution detectors are very expensive it is interesting to see that a small
detector ring can be used without a strong reduction in image quality. As the price of the
detectors is dependent on the intrinsic resolution the calculations are made for different values
of Ri . In the model that means that we can also study the dependence on the intrinsic
resolution Ri in addition to the size of the detector. To find the optimal detector set-up we take
the HRDS model, keep the sensitivity fixed and vary the detector radius and pinhole diameter
simultaneously. This is done for three fixed values for the collimator radius: rc = 15, 20 and
30 mm. The resulting system resolution and pinhole diameters are shown in figure 5 for fixed
S = 0.077% and for Ri equaling 0.06, 0.1, 0.2, 0.4, 0.6, 1.0 and 3.2 mm.

We see that given a fixed collimator radius and a fixed sensitivity, a larger detector radius,
and thus a larger magnification, almost always helps us to attain a better resolution. However,
there appears to be a point where this improvement is no longer significant. For example, in
figure 5 we can see that for a system with collimator radius rc = 15 mm for detector radii
larger than rd = 40 mm an intrinsic resolution better than 0.2 mm does not lead to a vast
improvement of the system resolution.

Figure 5 also demonstrates that when the detector radius rd gets smaller and approaches
(but does not reach) the collimator radius rc, at some point the physical pinhole diameter
becomes zero. In that case all photons that reach the detector do so by penetrating through
the pinhole aperture material. Although the physical pinhole diameter is zero, the effective
pinhole diameter (which is also shown in the figures) is not. These systems can still reach
a good resolution when the value of Ri is sufficiently low such that the curve in figure 5 is
almost flat.
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Figure 5. Results of optimizing an HRDS system with a fixed collimator radius and fixed sensitivity
S = 0.077%. The resulting system resolution Rt and pinhole diameters d are shown as a function
of detector radius rd for seven different intrinsic resolutions Ri . From top to bottom for three
different values of rc: 15, 20 and 30 mm.

The very compact system with rd = 30 mm is studied in figure 6. The dependence of the
obtained system resolution Rt is considered as a function of the collimator radius rc with the
intrinsic resolution Ri of the detector as a parameter. The results are shown for seven values
of Ri between 0 and 1 mm and sensitivities S = 0.077% and 0.25%. Again, the optimal results
are obtained when the collimator is placed as close as possible to the animal. The figure
clearly illustrates that in these situations where deff � dphysical the penetration effects are very
significant. For whole-body scanning of animals, however, a larger radius rc is needed. The
performance of a system is still good in that case.
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Figure 6. For a compact HRDS system with rd = 30 mm and six different intrinsic resolutions
Ri of the detector, the resulting pinhole diameter and system resolution are shown as a function of
the collimator radius rc when the sensitivity S is kept fixed. The two top figures for S = 0.077%,
the two bottom figures for S = 0.25%.

4. Discussion

An analytical model of a multi-pinhole SPECT system was constructed. The model is based
on spherical symmetry and contains a collimator and detector shaped as spherical layers. It
explicitly includes the effects of penetration through the pinhole aperture material according
to a validated model (Metzler and Accorsi 2005).

With the model, SPECT systems with conventional low-resolution detectors (CDS) and
high-resolution detectors (HRDS) were studied. An attempt to optimize a CDS resembling
the U-SPECT-I system has been made. With the U-SPECT-I system we are dealing with an
almost unalterable clinical gamma camera. This leaves only the collimator that can be adjusted
to create an optimal system. We can optimize the system by decreasing the collimator radius
as is shown in figure 2. For a fixed sensitivity S, an improvement of resolution of as much
as 34% for the U-SPECT-I system with 0.3 mm pinholes is within reach. To achieve that,
however, the collimator would have to be placed as close as possible to the object, which may
not always be desirable for practical reasons. Some additional space around the mouse is
needed for equipment, e.g., the heating system for the bed, or tubes, but also space is required
for easy movement of the bed with the mouse, especially for total-body imaging in a scanning
focus mode.

In addition, we have studied HRDS systems with intrinsic detector resolutions and detector
sizes as given by the parameters in table 1. These high intrinsic resolutions are imperative to
construct a system of which the system resolution is significantly better than current existing
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conventional-detector systems. Demanding the same sensitivity as for the U-SPECT-I system,
an improvement of about 31% over an optimized CDS system may be possible, depending on
the detector radius rd . Again the highest resolution is obtained by placing the collimator as
close as possible to the mouse.

For a required fixed sensitivity we studied the explicit dependence of the resulting system
resolution as a function of the detector radius (figure 5). The fact that for HRDS systems
with sufficiently low Ri the curve is almost flat leads to the conclusion that such a system
can have a small detector radius. As high-resolution cameras are very expensive, this is a
significant result from an economical point of view. Another interesting observation is that
we can construct SPECT systems with a physical pinhole diameter of zero that will still show
very respectable performance. In such systems the imaging will be achieved purely by means
of photons that have penetrated through the pinhole aperture material.

In our model we do not allow the pinhole projections of the CFOV to overlap on the
detector surface. Recent studies (Vunckx and Nuyts 2006, Mok et al 2006) indicate that
overlap offers no significant advantages and only gives a kind of artificial increase in system
sensitivity, although this will depend on the type of distribution that is imaged.

In the optimization studies conducted in this paper only two variables (rc or rd , and d)
were varied simultaneously to find improved values for resolution by demanding a fixed
value for the sensitivity, and vice versa. Implementation of these optimizations was fairly
straightforward. Optimization involving more complicated constraints and where additional
model parameters can be varied, e.g., in the case of a budget limit on the detector system, will
require a different approach. Then not only the collimator parameters, but also the detector
parameters which are intimately related to the budget (ω and rd , corresponding to detector
size; ε and Ri corresponding to detector performance) need to be varied. One could then
employ an iterative scheme where the system parameters are optimized subsequently, taking
all new constraints and degrees of freedom into account.

Various other optimization studies have been published, e.g. (Rogulski et al 1993, Ivanovic
et al 1997, Schramm et al 2001, Song et al 2003, Cao et al 2005). Whereas our model considers
geometrical aspects as well as pinhole properties simultaneously, other studies concentrated
on more particular aspects. For example, in (Cao et al 2005) the optimal number of pinholes
and their geometrical arrangement was studied by means of Monte Carlo simulations. (Song
et al 2003) studied various aspects of the shape and size of the pinhole aperture.

The model proposed in this paper serves as a guide to find optimized SPECT systems, with
the most relevant effects included in the model. Many practical issues that play a role when
designing an actual SPECT system would be too complex to address in a simple model; it
would make the model overly complex for optimization studies, likely without any additional
benefit. In defining our reference model we used values for the model parameters that, given
the differences in shape between the U-SPECT set-up and the spherical model, resemble the
U-SPECT geometry well and closely reproduce the U-SPECT performance. Therefore the
model seems to be applicable to realistic situations. Future systems may exploit some aspects
of the spherical symmetry of our model which may offer a more efficient use of the detector
surface. Although we studied dedicated small-animal SPECT systems in the present paper,
our model may just as well be applicable to explore clinical pinhole SPECT.

5. Conclusion

We constructed an analytical model for the resolution and sensitivity properties of multi-
pinhole SPECT. The effects of penetration through the pinhole aperture material were explicitly
included. Depending on the actual freedom one has in designing the collimator and the detector,
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the model has many parameters that can be adjusted. The model was used to optimize the
performance of current systems and to find future system configurations that lead to even
better performance.

For both conventional detector systems (CDS) and high-resolution detector systems
(HRDS), placing the pinhole collimator as close as possible to the object will result in
the highest resolution. HRDS systems can achieve a system resolution superior to that of
contemporary systems without a decrease of sensitivity. Compared to CDS systems these can
be very compact.

This study indicates that small-animal SPECT devices can be improved significantly,
particularly when high-resolution detectors are available.
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