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Abstract

Presently used clinical brain SPECT suffers from limited spatio-temporal
resolution. Here we investigate the feasibility of high-resolution and high-
sensitivity full-ring multi-pinhole brain SPECT (MP-SPECT). Using an
analytical model we optimized pinhole-detector geometries of MP-SPECT
for different detector intrinsic resolutions R;. System resolution and sensitivity
of optimized MP-SPECT were compared to conventional clinical SPECT. The
comparison of the system resolution of different systems was done at matched
sensitivity, which was achieved by tuning pinhole diameters. Similarly,
sensitivities were compared at matched system resolution. For MP-SPECT that
uses detectors with intrinsic resolutions of 4 mm > R; > 0.5 mm a sensitivity
can be achieved that is 6.0 times higher than the sensitivity of conventional dual-
head SPECT systems with parallel-hole collimators (DualPar), while system
resolution can be improved by a factor of 2.4. To achieve these improvements
a large detector-to-collimator distance is needed. In contrast, for detectors with
intrinsic resolutions < 0.2 mm, it is beneficial to place the detectors close to the
pinholes, resulting in a high number of de-magnified projections. For a detector
intrinsic resolution of 0.05 mm, a 14.5-fold improvement in sensitivity and a
3.8-fold improvement in system resolution compared to DualPar is predicted.
Furthermore, we found that for optimized MP-SPECT the sensitivity scales
proportionally to system resolution squared, with the proportionality constant
depending on R;. From our sensitivity-system resolution trade-off equations
we deduced that MP-SPECT with an ideal detector (R; — 0) can have a
system resolution that is 2.0 times better than optimized MP-SPECT with a
conventional detector (R; >~ 3 mm). The high performance of optimized
MP-SPECT may open up completely new molecular imaging applications.
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1. Introduction

Single-photon emission computed tomography (SPECT) is a well-established modality for
imaging a broad variety of functional and molecular aspects of the human brain. Brain SPECT
encompasses a wide variety of possible imaging studies, with typical radiopharmaceuticals
such as *"Tc-ECD, *"Tc-HMPAO, '?*I-FP-CIT, '>*I-IBZM and '} I-ADAM. *"Tc-ECD
and *"Tc-HMPAO are employed to image brain perfusion, currently the most widely used
application of brain SPECT. It permits the assessment of the cerebral metabolism, which is used
in the evaluation of, for example, dementias, epilepsy, cerebrovascular disease and trauma.
Other radioligands can assist in imaging various aspects of the neurotransmitter systems
involved in brain function which can be useful in the study and diagnosis of depression,
ADHD and Parkinson’s disease. These include '>*I-FP-CIT and '**I-IBZM for assessing
presynaptic and postsynaptic dopaminergic function, respectively. '2I-ADAM is a recently
developed tracer used to image serotonine transporters (Verhoeff 2004). In addition, specific
tracers are being developed for imaging processes related to Alzheimer’s disease (Nordberg
2004, Kung et al 2004, Borroni et al 2006, McKeith et al 2007, Newberg et al 2007).

At present, SPECT devices employed for brain imaging are predominantly general-
purpose SPECT devices equipped with two or three large Nal scintillation cameras with a
detector intrinsic resolution of about 3—4 mm. In most cases, parallel-hole collimators are
used whereas sporadically fan-beam collimation is applied. For the imaging of smaller objects,
such as the brain, fan-beam collimators perform better than parallel-hole collimators as many
more holes are directed towards the object. This results in a higher fraction of emitted gamma
photons to be detected. Triple-head fan-beam systems typically reach image resolutions in the
centre of the brain of 7 mm, and have a sensitivity of up to about 0.04%. However, despite their
better performance, fan-beam systems are only available from a limited number of vendors.

Like SPECT, Positron emission tomography (PET) allows us to image distributions of
radiolabelled molecules. While clinical PET has a better spatial resolution than currently
available SPECT and is suited to image many short-living cyclotron produced isotopes, SPECT
has the unique ability to image (i) many tracers with longer living isotopes and (ii) a broad
variety of combinations of isotopes simultaneously. Not any of the currently used SPECT
tracers do require a cyclotron at site. For a clinician the choice to perform a SPECT or a
PET scan heavily depends on the availability of a SPECT or PET radio-tracer to visualize a
relevant tissue property. So SPECT and PET are highly complementary techniques each with
overlapping but also with unique applications.

There are definite advantages for improved human brain SPECT devices. Higher
sensitivity can decrease noise and increase patient throughput, while higher resolution allows
a much more localized monitoring of molecular dynamics. Together with the availability of
new tracers this may significantly increase the applicability of SPECT, for (early) diagnosis
and monitoring of brain diseases (Warwick 2004, Amen and Flaherty 2006).

In contrast to clinical SPECT, in small-animal SPECT sub-millimetre resolutions have
become common, and recently, even sub-half-millimetre image resolutions (Beekman et al
2005, 2007, van der Have et al 2009) have been reached, despite the use of detectors with
intrinsic resolutions of typically 3 mm. Detailed tracer uptake in sub-compartments of mouse
organs has been visualized on a sub-millimetre scale, such as blood flow markers in the
papillary muscles of a beating heart and dopamine transporter markers in tiny parts of the
striatum in living mouse brain (Beekman et al 2005, 2007, Kim et al 2006, Vastenhouw et al
2007). Key to obtaining these ultra-high resolutions is the application of pinhole collimation.
When small objects are imaged at small distances, pinhole collimation gives superior image
resolution compared to parallel-hole and even fan-beam or cone-beam collimation. The
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development of high-resolution detectors (Barber 1999, He et al 1999, Lees et al 2003, Fiorini
et al 2003, Beekman and de Vree 2005, de Vree et al 2005, Meng 2006, Nagarkar et al 2006,
Heemskerk et al 2007, Korevaar et al 2009) with intrinsic resolutions <0.5 mm is expected to
result in even higher resolutions (Rogulski et al 1993, Beekman and Vastenhouw 2004a) and
more compact devices.

Most previous studies on brain SPECT concern parallel-hole, fan-beam or cone-beam
collimation. Several dedicated brain SPECT devices have been designed and constructed
(Holman et al 1990, Zito et al 1993, Jin et al 1994, Habte et al 2001, Ter-Antonyan et al
2008). In Li ef al (1994), Liu et al (1995) and Kamphuis and Beekman (1998), different
geometries for brain SPECT are studied theoretically. In a few cases brain SPECT based on
pinhole collimation has been investigated. Theoretical calculations and simulations of high-
resolution MP-SPECT have been performed in Rowe et al (1993). The same group obtained
reconstructed resolutions of about 5 mm using pinhole collimation and Nal detectors with
an intrinsic resolution of 2.8 mm (Klein ef a/ 1995). Simulations indicate that replacement
of conventional detectors by high-resolution detectors can lead to reconstructed resolutions
of about 2 mm (Rogulski et al 1993). In Mahmood et al (2009), a novel slit-slat collimator
system is studied theoretically.

In this paper, we conduct a detailed analytical calculation of the performance of MP-
SPECT dedicated to brain imaging. Our aim is twofold. The first goal is to investigate what
is the optimal performance of MP-SPECT given the availability of a detector with a certain
intrinsic resolution. This performance is calculated using a geometrical optimization. Our
focus is on the influence of detector and collimator size, since these are the parameters that can
most easily be adapted. For such an optimal system, we calculate the sensitivity and system
resolution that can be reached. Second, we compare the predicted performance of MP-SPECT
with that of currently used clinical devices. The comparison is made for MP-SPECT based
on conventional detectors and for future systems for which we assume that high-resolution
detectors will be available in sufficient amounts.

2. Methods

2.1. Analytical model

In Rentmeester et al (2007), an analytical model efficiently predicting the performance of
MP-SPECT has been developed. This model takes into account effects such as the penetration
of photons through the pinhole aperture material. Specifying a certain system resolution, it
can predict the geometry of a scanner resulting in optimal sensitivity and vice versa. This
model has been applied to small-animal SPECT scanners. Because for human brain imaging
the system and object dimensions as well as isotope concentrations are different, dedicated
optimization studies are required for clinical SPECT.

The main geometrical assumptions of the model are shown in figure 1: both the detector
and collimator are modelled as spherical layers with radii r; and r,, respectively. In the present
study, all systems under comparison have an equally-sized ‘central field-of-view’ (CFOV), a
spherical volume of radius r;, which is large enough to contain the entire brain. Each point in
the CFOV is seen by all knife-edge pinholes (which have a physical pinhole diameter d and
aperture material with attenuation coefficient p) contained in the collimator (figure 1(b)). The
actual number of pinholes that can be used is determined by the radius of the CFOV, the sizes
of the detector and collimator, and the requirement that the projections of the CFOV on the
detector do not overlap. The detector has an intrinsic resolution R; and a capture efficiency
€. The opening angle of the detector, w, is fixed and together with r,; determines the detector
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Figure 1. (a) Geometry of MP-SPECT for the human brain. The collimator and detector are
modelled as spherical layers with radii . and ry, respectively. The glabella (g) and occipital point
(o) in the brain are shown. (b) Projection of the CFOV onto the detector via a knife-edge pinhole.
(c) MP-SPECT with asymmetric detector and collimator design, to facilitate an easier entry of the
head. The analytical model used in this paper is equally valid for asymmetric detectors, as long as
the detector area remains the same.

area. The collimator radius 7, is always chosen in such a way that it allows for physical
insertion within the detector ring as well as for the insertion of the head into the collimator.
The quantities 7 ¢, rc, ¥4, R;, 1, w, € and d uniquely define the system. The opening angle «
of the pinhole is always chosen just large enough for the pre-defined CFOV to be projected
onto the detector without being truncated by the collimator (see figure 1). Therefore « equals
2arcsin(r s /r.). 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 an area A, of

Fale — r?- — \/(rcz — r})(r; — r?) 0
re ’

The requirement for the projections of the CFOV on the detector not to overlap implies that
a certain fraction of the continuous detector surface will be covered with non-overlapping
spherical cap projections. The cover fraction depends on the number of projections and for a
large number of circular projections it approaches the limit 77 /+/12 (Kottwitz 1991), which is
the fraction that we will assume in this paper. The number of pinholes N, in the collimator
is determined by dividing the total available detector surface (the entire sphere minus two
spherical caps determined by the detector opening angle w) by A, and taking into account the
cover fraction. Consequently N, reads

Ap = 2nrd

anrj cos
Ny=—F7—.
V34,
The sensitivity of a single pinhole is calculated by assuming an isotropic propagation of the

gamma radiation. Multiplication by the number of pinholes in the collimator gives the total
sensitivity for a point source in the centre of the CFOV

<d2 + %d tan (ﬁ) + % tan? (%))

2)

2

§=Npe 1612

3)

The system resolution reads

R,=\/< roR: >2+<rd(d+ln2tan(a/2)/u)>2. "
Fe —Fg Fe —Tg
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Table 1. Parameters of the analytical model.

Symbol  Description

Ta Radius of detector

re Radius of collimator

s Radius of CFOV

€ Capture efficiency detector

R; Intrinsic detector resolution

10} Opening angle of the detector

" Attenuation coefficient of the pinhole material
d Pinhole diameter

o Pinhole opening angle

A, Area of the projection of the CFOV on the detector
N, Number of pinholes

R, System resolution

S Sensitivity

In equation (3) and (4), penetration effects through the knife-edges of the pinhole apertures
are included via effective pinhole diameters, both for system resolution (Accorsi et al 2004)
and sensitivity (Paix 1967, Metzler er al 2001). More details of the derivations leading to (3)
and (4) can be found in Rentmeester et al (2007). The parameters used in this section are
summarized in table 1.

2.2. Dimensions of MP-SPECT dedicated to brain imaging

For many clinical brain imaging tasks, complete images of the brain are preferred. Therefore,
we choose a CFOV that contains the entire brain (figure 1(a)). In order to find a suitable value
for ry we have measured the linear dimensions of the brains of 15 adult males from MRI scans
of the head. The maximum brain length was measured along the line between the glabella and
the occipital point of the head, while the height is determined perpendicular to this line in the
sagittal slice (see figure 1(a)). The lateral axis (width) is perpendicular to the plane formed
by the lines defining length and height. The maximum values found for length, width and
height were 180 mm, 145 mm and 125 mm, respectively. As there is quite a variation in these
numbers we have assumed the safe value ry = 95 mm for the radius of the spherical CFOV.
Based on the same MRI scans, about 10 mm of fluids, bone and other tissue are estimated to
be present between the outer edge of the brain and the surface of the skin. Allowing 30 mm
extra space between the head and the collimator for ease of movement, we set a lower limit
for the collimator radius by requiring r, > 135 mm.

We assume that the collimator has gold pinhole apertures (material attenuation coefficient
w = 4.27mm~" at 140 keV for *"Tc), and that the detector has a capture efficiency € = 0.89
and an opening angle w = 45°. For r., = 135 mm the port of the scanner might be too
narrow to allow easy entry of the head if the geometry is as symmetrical as in figure 1(b).
In reality, it would be more advantageous to tilt detector and collimator as is illustrated in
figure 1(c). When the detector size remains equal, this asymmetry does not affect the validity
of our equations. Another possible solution is to design a system where the upper and lower
parts of the collimator can be separated to allow the head to enter.
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Table 2. Parameters of the clinical systems.

Dual-head parallel-hole  Triple-head fan-beam

Bore length 54 mm 34.9 mm
Hole diameter 2.03 mm 1.4 mm
Septal width 0.152 mm 0.15 mm
Focal length 00 50 cm
Distance collimator to

centre of rotation 13.5cm 13.5cm
R, 8.0 mm 7.2 mm
S 0.017% 0.039%

2.3. Comparison with other SPECT systems

We will compare the results of our model to the performance of two presently used clinical
SPECT systems. In the first setup (‘DualPar’) a dual-head Philips Forte scanner is used
with VXHR parallel-hole collimators and 40 cm x 50 cm detectors with a 1 cm thick Nal
scintillation crystal and photomultiplier tubes having an intrinsic resolution of 3.2 mm. We
assume that for a brain scan the collimator surface is located at a distance of 13.5 cm from the
axis of rotation of the detector heads (equal to the minimal collimator radius in MP-SPECT, see
section 2.2). At this distance a system resolution of R, = 8.0 mm and sensitivity § = 0.017%
are calculated (Moore et al 1992).

The second setup (‘TripleFan’) is a triple-head Picker Prism 3000 XP system. The
detectors (40 cm x 24 cm) are similar to those of the dual-head system, but ultra-high-
resolution fan-beam collimators are used. Again we assume that the collimator surface is
at 13.5 cm from the rotation axis. This device has a system resolution R, = 7.2 mm and a
sensitivity S = 0.039% in the centre of the field-of-view. Detailed parameters of both clinical
systems are summarized in table 2. The calculated system resolutions and sensitivities are in
close agreement with the values specified by the manufacturer.

3. Results

3.1. Analytical approximation

To compare the performance of MP-SPECT to conventional clinical SPECT, we either evaluate
the system resolutions of the different devices at the same fixed sensitivity or we compare
sensitivities at the same fixed system resolution. Fixing the sensitivity or system resolution to
the desired value is accomplished by tuning the pinhole diameter. The system resolution can
be expressed as a function of sensitivity and vice versa, by combining equations (3) and (4)
and eliminating the pinhole diameter. The solution is given in equation (A.2).

Assuming that the model parameters €, w, ¢, u and R; are fixed, determined by the
available detector and the dimensions of the human brain and head, the values of r;and r, giving
optimal performance are calculated in the appendix. In our calculation, we have assumed that
tan(a/2) /R, < 1 (the validity of the approximation is discussed in the appendix). For a
system with optimal detector and collimator size we have deduced the following trade-off
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relations between sensitivity and system resolution:

Sip = LB g2 if R > 1 (5)
LR 8«/57‘]2[ t,LR i 5

€ cos wR?
SHR LR if uR 1. (6)

V3 (R + )P

Two regimes can be identified, depending on the detector intrinsic resolution, which we denote
by the low-resolution (‘LR’) and high-resolution (‘HR’) regime. Our equations are only strictly
valid in the limits uR; > 1 and uR; < 1. To show that the equations also give an adequate
description for intermediate intrinsic detector resolutions and that the approximations that we
have made to arrive at these equations are justified, we have also done a numerical optimization
of equation (A.2) (see the appendix). The numerical optimization comprised of (i) keeping
R, fixed and maximizing S (by varying r; and r.) or (ii) keeping S fixed and minimizing
R, R;and S were fixed at the values of the clinical reference systems (see the legend). All
numerical results coincide very well with the analytical curves and we therefore conclude that
for MP-SPECT dedicated to human brain imaging, equations (5) and (6) accurately describe
the optimal sensitivity and system resolution that can be reached.

In the appendix, we also give expressions for the collimator and detector radii that lead to
the optimal behavior described by (5) and (6). In the conventional detector limit of (5) we find
that one should choose r; >> r. > ry. A large detector radius (and hence large magnification)
is necessary to reduce the adverse effect of detector blurring. More surprisingly, one should
also choose a collimator that is much larger than the CFOV (but much smaller than the
detector). This is due to the fact that for r; > r. > ry the number of pinholes grows
o (r2 — r}/4) according to (2). Thus, although the sensitivity of a single pinhole falls
off oc 1/r?, the combined sensitivity of all pinholes increases slightly for larger r.. In the
high-resolution detector limit of (6), the equations for optimal collimator and detector size
are more involved and we refer the reader to the appendix. Clearly, in a practical geometry
one cannot realize infinite detector sizes and therefore, in the following section, we will give
realistic numbers for r. and r, that lead to close-to-optimal behaviour for a range of intrinsic
detector resolutions.

Equations (5) and (6) have the form S oc R?, presenting a clear trade-off between system
resolution and sensitivity. Such a simple sensitivity-system resolution trade-off can serve as
a useful guide for system design: when a certain improvement factor x in system resolution
is desired, one will have to sacrifice approximately a factor x? in sensitivity (if the detector
intrinsic resolution is not improved). The proportionality constant between S and R,2 has the
largest value in equation (6), meaning that, not very surprisingly, high-resolution detectors
improve system performance. The two asymptotes of (5) and (6) cross when uR; = 0.7. For
gold pinholes, the cross-over occurs when R; >~ 0.2 mm. Detectors that are typically used in
the clinic have R; &~ 3 mm and therefore fall into the low-resolution regime of equation (5).

By taking the limit R; — O the relation between the theoretically maximally attainable
sensitivity and best system resolution is described by

ETCOSW 5

Sy = —————
A

Therefore, the application of high-resolution detectors instead of conventional gamma-cameras
in optimized MP-SPECT can at most lead to a sensitivity increase by a factor of 4.2 (at fixed
resolution) or an improvement in system resolution with a factor of 2.0 (at fixed sensitivity).

=428 k. )
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Figure 2. Optimized ratio S/ R[2 versus intrinsic detector resolution R;. The datapoints represent
numerical optimizations, either optimized by maximizing S (with respect to rz and r.) at fixed
system resolutions R, = 7.2 mm and R, = 8.0 mm, or by minimizing the value of R, (also
with respect to r4 and r.) at fixed sensitivities S = 0.039% and S = 0.017%. The analytical
approximations SHr/ er.HR and Sir/ th,LR (solid lines) describe the data well in the appropriate
regimes.

3.2. Comparison with clinical systems

In the previous section, we have described the optimal sensitivities and system resolutions that
can be obtained using MP-SPECT. In this section, we compare these optimal values with the
sensitivities of the clinical devices and we give numbers for the collimator and detector radii
that one should choose to have close-to-optimal behavior (defined to be 90% of the optimal
sensitivities/system resolutions).

In figures 3 and 4, the system resolution R,, number of pinholes N, and the pinhole
diameter d of MP-SPECT with fixed collimator size r. = 180 mm are shown as a function of
r, for various values of detector intrinsic resolution R;. The sensitivity is kept fixed at 0.017%
(equal to DualPar, figure 3) and 0.039% (TripleFan, figure 4), respectively. The analytical
approximations of (5) and (7) are displayed as well. Note that in this figure r, is fixed and it
is not set to its optimal value (which depends on R; and would be different for every curve).
However, we find that this figure illustrates the dependence of system resolution on detector
radius well. The improvement factors that we will mention are for a fully optimized system
(i.e. a system with optimal collimator and detector radius) and these improvement factors as
well as the collimator and detector sizes necessary to reach 90% of these improvements are
summarized in table 3. For R; > 0.5 mm (i.e. within the low-resolution detector regime of
equation (5)) the curves approach the analytical expression for R | r for large r;. We calculate
Ri1r = 3.3 mm (for § = 0.017%) and R ;g = 5.0 mm (S = 0.039%), an improvement with
factors of 2.4 and 1.4 compared to DualPar and TripleFan, respectively. For § = 0.017%,
the minimally required detector radius to achieve a close-to-optimal resolution is calculated
to be ry = 721,599, 475,343 and 266 mm for R, = 4,3,2,1 and 0.5 mm respectively;
for § = 0.039% these values read ry; = 583,497, 408, 313 and 256 mm, respectively. For
R; = 0.15 mm, which falls on the boundary of the two R; regimes, an improvement in
resolution by a factor of 2.6 (DualPar) and 1.5 (TripleFan) can be reached. For R; = 0.05 mm
(i.e. the high-resolution detector regime) the system performance increases enormously and
the system resolution can be improved by factors of 3.8 and 2.3 compared to DualPar and



Theoretical analysis of full-ring multi-pinhole brain SPECT 6601

Comparison with dual-head parallel-hole SPECT
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Figure 3. (a) System resolution R; versus detector radius ry of MP-SPECT (inverse of equation
(A.2)) for detector intrinsic resolutions R; = 0.05, 0.15, 0.5, 1, 2, 3 and 4 mm and fixed sensitivity
S = 0.017% (value of clinical parallel-hole device). The horizontal lines show the values
of the clinical dual-head parallel-hole device (‘DualPar’) and the analytical predictions R;1r
(equation (5)) and R, opt (equation (7)). The collimator radius is fixed at r. = 180 mm, while
€ =0.89,ry =95mm, v =45°, un =427 mm~!. (b) Number of pinholes N, versus ry for the
same parameters. (c) Pinhole diameter versus r; for the same parameters.

TripleFan. In this case a detector radius of 146 mm and 150 mm (for S fixed at 0.017% and
S = 0.039%) are close-to-optimal. Whereas in the conventional detector regime a larger
detector radius (and thus higher magnification) leads to better performance, here the opposite
effect occurs: a smaller detector radius (and de-magnification) gives better results.

In figures 5 and 6, the sensitivity of the MP-SPECT system is displayed as a function of r,
with R, being fixed to 8.0 mm (DualPar, figure 5) and 7.2 mm (TripleFan, figure 6) and fixed
collimator size r. = 180 mm. As for the system resolution, sensitivity improvement factors and
collimator and detector radii necessary to reach close-to-optimal sensitivity are summarized
in table 3. Compared to DualPar and TripleFan, improvements in sensitivity by factors of
6.0 and 2.1 are possible for R; > 0.5 mm (i.e. detectors within the low-resolution detector
regime). For R; = 0.15 mm the improvement factors increase to 6.7 and 2.4, respectively. The
sensitivity increases enormously for R; = 0.05 mm (i.e. a detector within the high-resolution
detector regime) to factors of 14.5 (compared to DualPar) and 5.1 (compared to TripleFan).
For the low-resolution detector regime, the optimal sensitivities are obtained (within 90%)
at detector radii of r; = 787, 674,557,430 and 354 mm for R; = 4,3,2,1 and 0.5 mm,
respectively, when R; is fixed to a value of 8.0 mm, while for R, = 7.2 mm the respective
detector radii read r; = 842,716, 586, 446 and 363 mm. For R; = 0.15 mm the detector
radii that give close-to-optimal performance are 139 mm and 140 mm (for R, = 8.0 mm and
R, = 7.2 mm, respectively), while for R; = 0.05 mm the respective detector radii become
156 and 154 mm. Figures 3—6 show that the number of pinholes decreases with increasing
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Comparison with triple-head fan-beam SPECT
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Figure 4. The same as figure 3 but with sensitivity fixed at S = 0.039% (value of clinical fan-beam
device, ‘TripleFan’).

detector radius r,;. For rather large detector radii (as required for R; > 0.5 mm) the number
of pinholes is rather low. However, the number of pinholes has to be large enough to allow
for sufficient angular sampling, which means that small translations or a few rotations are
necessary.

4. Discussion

Using analytical modelling, we have calculated the optimal performance of MP-SPECT
dedicated to brain imaging. We find that the trade-off between sensitivity and system resolution
of optimized MP-SPECT has the form S Rlz. This proportionality can serve as a simple
rule of thumb in system design: it tells us how much we have to sacrifice in sensitivity if
we want to improve system resolution and vice versa (assuming that the intrinsic detector
resolution R; remains constant). Our theory predicts that the required size of the detector
to obtain a high performance depends on R;. For detector intrinsic resolutions uR; > 0.7
(typically R; > 0.2 mm), the optimal detector radius is large, resulting in a magnified object
projection onto the detector, thus reducing the image degrading effect of detector blurring. In
this regime, the performance of MP-SPECT is almost independent of R;. However, improving
R; is still beneficial because it will reduce the required detector area. Dramatically different
behavior occurs for uR; < 0.7. In this regime, MP-SPECT performance can be tremendously
improved by placing the detector close to the collimator: the large number of pinholes more
than compensates for the increased effect of detector blurring, as is apparent from figure 2.
The latter idea was already put forward in Rogulski et a/ (1993) although it was not quantified
at the time.
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Table 3. Improvement factors of MP-SPECT compared to clinical SPECT and collimator and
detector radii sufficient to reach 90% of this improvement.

Comparison to dual-head parallel-hole device

R, (atequal S = 0.017%) S (at equal R, = 8.0 mm)
R; System resolution 7, ry Sensitivity re rq
(mm) improvement (mm) (mm) improvement (mm) (mm)
4 24 155 721 6.0 227 787
3 2.4 157 599 6.0 229 674
2 24 161 475 6.0 235 557
1 2.4 167 343 6.0 244 430
0.5 24 171 266 6.0 251 354
0.15 2.6 135 146 6.7 135 139
0.05 3.8 135 146 14.5 153 156

Comparison to triple-head fan-beam device

R, (atequal S = 0.039%) S (atequal R, = 7.2 mm)
R; System resolution 7, rq Sensitivity Te rq
(mm) improvement (mm) (mm) improvement (mm) (mm)
4 1.4 165 583 2.1 224 842
3 1.4 168 497 2.1 229 716
2 1.4 171 408 2.1 234 586
1 1.4 179 313 2.1 244 446
0.5 1.4 182 256 2.1 251 363
0.15 1.5 135 142 2.4 135 140
0.05 23 143 150 5.1 151 154

We have found that an optimized MP-SPECT system has great potential to improve
clinical brain SPECT. A comparison with conventional clinical systems has shown that when
detectors with intrinsic resolutions R; > 0.5 mm are used, system resolutions can be improved
by factors of 2.4 and 1.4 (at equal sensitivity) compared to DualPar and TripleFan, respectively.
At equal system resolution, the respective improvements in sensitivity are 6.0 and 2.1. Using
high-resolution detectors (R; = 0.05 mm) vast improvements of the resolution by factors of
3.8 and 2.3 and of the sensitivity by factors of 14.5 and 5.1 are within reach. Detectors with
resolutions down to 0.05 mm have been developed recently (e.g. de Vree et al 2005, Beekman
and de Vree 2005, Meng 2006, Nagarkar ef al 2006). At present, however, these detectors
have rather low capture efficiencies. For high-energy gamma detection the challenge remains
to augment the efficiency while preserving the resolution (Barber 1999, He et al 1999, Lees
et al 2003, Fiorini et al 2003, de Vree et al 2005, Meng 2006, Nagarkar et al 2006, Heemskerk
et al 2007, Korevaar et al 2009).

Note that when placing the detector closely to the pinhole centres (as required for high-
resolution detectors), the collimator walls should be thin enough to allow for this. In this paper,
we have neglected direct penetration of gamma rays through the collimator which implies that
a certain wall thickness is required. For °*"Tc a wall thickness of several millimetres is
sufficient and this does not pose problems with the geometries considered in this paper (see
table 3). For higher energy isotopes, an asymmetrical placement of the pinhole centres in the
collimator wall can possibly solve this issue.
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; Comparison with dual-head parallel-hole SPECT
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Figure 5. (a) Sensitivity S versus detector radius ry of MP-SPECT (equation (A.2)) for detector
intrinsic resolutions R; = 0.05,0.150.5,1,2,3 and 4 mm and fixed system resolution R, =
8.0 mm (value of clinical parallel-hole device). The horizontal lines show the values of the clinical
dual-head parallel-hole device (‘DualPar’) and the analytical predictions Sir (equation (5)) and
Smax (equation (7)). The collimator radius is fixed at 7. = 180 mm, while € = 0.89, ry = 95 mm,
o = 45°, u = 4.27 mm~"'. (b) Number of pinholes N, versus ry for the same parameters. (c)
Pinhole diameter versus r, for the same parameters.

In this paper, we consider the system resolution and sensitivity as the parameters that
characterize system performance. The final image resolution that can be obtained with a
certain system will in principle depend on the full shape of the system’s response and not
only on the system resolution, which is a measure of the full width at half-maximum of that
response. Furthermore, the expressions for sensitivity and system resolution that we use are
only strictly valid in the centre of the CFOV. At other positions, the distance to some pinholes
is smaller than r,, while the distance to other pinholes is larger and the source can be off-axis
with regard to the pinholes. To check if the values in the centre represent a good average,
we have calculated the system resolution and sensitivity over the whole CFOV for several
optimized MP-SPECT designs and we find only slight variations. We plan to take these issues
further into account in future work by considering simulated images of human brain SPECT
for a range of parameters.

Aspects which are beyond the scope of the model and have not been taken into account,
could lead to even better results. We have assumed a safe value ry = 95 mm for the field-
of-view radius, but since the width and height of the brain are smaller (cf figure 1(a)), a more
elliptically shaped collimator could be used with on average a smaller radius r,, leading to
better performance. Also, a helmet design such as used in Rowe et al (1993) can be more
optimal than the spherical shells assumed in this paper. Finally, with the aid of special focusing
techniques, such as used in the U-SPECT scanners, a higher sensitivity might be obtained,
as well as a better system resolution (Beekman 2002, Beekman et al 2004b). This could be
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; Comparison with triple-head fan-beam SPECT
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Figure 6. The same as figure 5, but with system resolution fixed at R; = 7.2 mm (value of clinical
fan-beam device, ‘TripleFan’).

advantageous, for example, when only a small region of the brain needs to be imaged at a
high resolution. For whole-brain imaging, however, it implies the need for a sufficiently large
collimator, either to accommodate the whole brain within the CFOV, or to leave room to move
the pinhole focus through the entire head (Vastenhouw and Beekman 2007). Movements of
the collimator can also be used to augment the CFOV above the 95 mm radius that is assumed
in this paper, which is desired for some applications (Matsuda et al 1992). Note that most
(but not all) of the optimal collimator sizes of the geometries in this paper allow some room
for extra collimator movements (see table 3).

5. Conclusion

In this paper, the system resolution and sensitivity of MP-SPECT dedicated to human brain
imaging have been studied using an analytical pinhole collimation model. Even when the setup
employs conventional detectors, MP-SPECT systems can achieve significant improvements
in system resolution over resolutions found in presently used clinical SPECT devices when
compared at equal sensitivity; likewise, improvements in sensitivity at fixed system resolution
are possible. The performance is improved tremendously when high-resolution detectors
(typically R; < 0.2 mm) replace the conventional detectors.

Our results support the idea that an optimal combination of multi-pinhole collimation and
high-resolution detectors will improve system performance of future clinical SPECT. This will
benefit patient throughput, patient comfort, dynamic imaging capabilities and image quality
aspects.
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Appendix. Analytical derivation

This appendix provides the details of the derivation leading to equations (5) and (6). Let us
first combine the equations of section 2.1 to express the sensitivity and system resolution in
terms of all model parameters. Equations (1)—(3) give a sensitivity of

€mry cos(w)

1633re(rare — 13 — Je2 =) -r3)

2 2 2 2
x <d +d = tan(@/2) + — tan (a/2)>. (A.1)
I u

S

The pinhole diameter d is chosen in such a way that either the sensitivity or the system
resolution is set to the desired fixed value. We can express the sensitivity S as a function of
system resolution R, by combining equation (4) and (A.1) and eliminating d. We find

€ cos(w)

B 16\/§/¢2rcrd(rci’d —r% - \/(rcz - rj%)(rt% - rjz‘))

X [,uz ((rd - rc)zR,2 - rczRiz) + r§(2 +1n?2 — In4) tan® (%)

—2;er\/(rd —r)?R? — r2R*(~1 +1n2) tan (%)} . (A.2)

This equation can be inverted if one wants to express R, as a function of S. A comment about
the limit r; — r, should be made. From (A.2) it would seem as if the sensitivity would diverge
in this limit. This is due to the fact that in this limit (1) predicts that the projections of the
CFOV onto the detector have an area of zero, and therefore an infinite number of pinholes can
be used according to (2). It is clear that our analytical model is not valid in such an unrealistic
limit. In fact, (1) assumes that the size of the projection exceeds the magnified pinhole area
(rq — re)md?/(4ry) which is the case in all situations described in this paper.

Equation (A.2) describes the behavior of the system and can in principle be used to
calculate optimal parameter values. However, the resulting equations are long and not very
insightful. To be able to write the results in a more simple form we introduce a parameter

6 =tan(a/2)/(UR;). (A.3)
With this new parameter we can rewrite (A.2) as

em cos(w) tan* (%)

S =
16532y (rera = 13 =2 = 13) (3 = 13))

ry—r.\> reuR; 2
)| (=) — (=== ) 722+ 1n%2—1n4)
1) tan(o/2)

— 2 (rd _r“>2 _ (M>2(—1 +1n2) (A.4)
d 5 tan(a/2) ' '
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The calculation outlined in the remainder of this appendix is done without any approximations,
but when writing down the results, we perform a Taylor expansion in terms of § and we only
give the leading order in §. These approximative formulae will be accurate if § < 1. Being
limited to . > 135 mm and 7y = 95 mm and assuming gold pinholes (see section 2) we find
that tan(o/2)/ < 0.23 mm. Our approximate equations are therefore expected to hold for
system resolutions R; >> 0.23 mm. Since we are comparing MP-SPECT with clinical devices
having system resolutions >7 mm we expect that our approximation will hold (and this is also
shown in the paper, see figure 2).

We start with optimizing sensitivity for a fixed system resolution, i.e. R, is kept fixed,
while S may vary as a function of r,. In this case, we are interested in the detector radius
74,0pt Which maximizes S. For such a maximization we first determine the allowed range of
r4. In principle, there is no upper limit on 7,4, but there is a lower limit. When r, is decreased,
the effect of detector blurring increases and a reduction in diameter d is necessary to keep R,
fixed. Of course, we are limited by the physical requirement d > 0. Taking the limitd — 0
in equation (4) and solving for r, gives us the minimal detector radius rp;,. An expansion to
first order in § = tan(«/2)/(R;) yields

R \°
o =re | 148 [ =2} +1m22]. (A.5)
tan(o/2)

So let us calculate the sensitivity in the limiting cases of r; — oo and ry — ryp. Up to
leading order in § we find

e cos w tan®(a/2)

lim S = : cos?(a/2)
¥d—>Tmin X
4x/§/L282rJ% ((—tarﬁf}z)) +1n2(2))
RZ
- TR cos?(a/2), (A.6)
2 R; 2
4312 ((mﬂw/z)) +1n (2))
tan®(a/2
lim S — € cos wtan”(a/ )cosz(a/4)
Fg—>00 8\/511/282,.)2(
R2
— RO 052 (a)4). (A7)

=——7"
8\/§rf

Now that we have found expressions for § at the borders of the allowed interval for r;, we
have to find out if there is a local maximum in S in the range r; € [rmin, 00]. We therefore
solve 0S5 /dr; = 0. We find a solution for

Ja(=2+q+2% 2 +1nd)

Fadoe =Tc | 148 , (A.8)
! V2(1 —1n2)
with
R;
x= B8 (A.9)
tan(a/2)

qg= \/x4+2x2(—2+ln2)1n2+(2+1n22—ln4)2. (A.10)
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We will not continue to give the full expression for S at ry; = 4 j0c, but we will prove that in
the limiting cases uR; < 1 and uR; > 1, equations (A.6) and (A.7) describe the maximum
of S. First for uR;/ tan(x/2) < 1 we find
lim Tdloc = Te < I'min- (A.11)
MR/ tan(e/2)—0
So for detectors with wR; / tan(e/2) < 1 (high-resolution detectors), 74 ;,. does not lie in the
allowed interval and is therefore not an allowed physical solution. In this case, the maximum
is at ry = rmin since for R; — 0 the value of S at r; = rpi, (A.6) is larger than the value for §
in the limit r; — 00 (A.7). Second, we consider the limit uR;/ tan(a/2) >> 1. In that limit
we calculate
lim T'd.loc = OO. (A.12)
WR; /tan(a/2)— 00
We therefore find that for large ©R; / tan(c/2) a large detector radius r; > r, maximizes S.

To summarize, we have determined the maximal sensitivity of equation (A.2) with respect
to r, for the limiting cases uR;/tan(e/2) <« 1 and uR;/tan(a/2) > 1, keeping only the
leading order in the quantity § = tan(«/2)/(uR;). Although our derivation does not make
any statements about the intermediate regime, we find numerically that the two asymptotes
that we have calculated do actually give an accurate description of the system performance for
all values of R; (see figure 2) for human brain SPECT.

Now that we have determined the optimal value of r, in two different limits, we will also
calculate the optimal collimator radius r. ,,; in the same limits. This optimal collimator radius
can be determined straightforwardly from equations (A.6) and (A.7). Note that r, is present in
these equations via the opening angle o = 2 arcsin(r/r.). For uR;/tan(a/2) < 1 equation
(A.6) describes the sensitivity. Solving 3S/0r. = 0 gives reopt = rp+/1+In2/(R;). In this
case, the condition uR;/tan(a/2) < 1 reduces to uR; <« 1. For uR;/tan(x/2) > 1, the
sensitivity in (A.7) is maximized for cos(a/4) — 1, ie. for r. > ry. In the derivation
of equation (A.7) we have already assumed r; > r. and one should therefore choose
rq > r. > ry. In this limit the condition uR;/tan(a/2) > 1 reduces to uR; > 1.
Putting r. ,,, in equation (A.6) and (A.7) we find

5] = T coswR? for R > 1 (A.13)
max = or WK s .
Sﬁr%
RZ
max[§] = —— L OO for R < 1. (A.14)

4313 (1R; +1n(2))*

Note that (A.13) and (A.14) are equal to equations (5) and (6) given in the main body of the
paper.

A completely equivalent derivation can be carried out to find the best value of R,, with
S being fixed. We will not repeat the derivation here, but merely mention that within our
approximations it gives the same results for the optimal value of r, and the trade-off relations
of equations (A.13) and (A.14) remain valid.
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