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Abstract

Purpose. Current hole matching pixel detector (HMPD) collimators for SPECT imaging exist in two
configurations: one hole per pixel (IHMPD) or four holes per pixel (4HMPD). The aim of this study was
to assess the performance of a dual-layer collimator made by stacking up these two collimator types
(1H/4HMDP) for low- and medium energy gamma emitters. Method. Analytical equations describing
geometrical efficiency and full width at half maximum (FWHM) of the 1H/4HMDP collimator were
derived. In addition, a fast dedicated Monte Carlo (MC) code neglecting scattering and designed for the
collimator geometry was developed to assess the collimator’s point spread function and to simulate
planar and SPECT acquisitions. Results. A relative agreement between analytical equations and MC
simulations better than 3% was observed for the efficiency and for the FWHM. The length of the two
layers was optimized to get the best spatial resolution while keeping the geometrical efficiency equal to
that of the 45 mm length IHMPD collimator. An optimized combination of the 1H/4HMPD
configuration with respective hole lengths of 20 and 13 mm has been derived. For source-collimator
distances above 5 cm and equal collimator geometrical efficiency, the spatial resolution of this optimal
1H/4HMDP collimator supersedes that of the 45 mm length IHMPD collimator, and that of the 19.1
mm length 4HMPD collimator. This improvement was observed in simulations of bar phantom planar
images and of hot rods phantom SPECT. Remarkably, the spatial resolution was preserved along the
whole radial range within the Jaszczak phantom. Conclusion. The 1H/4HMDP collimator is a promising
solution for CZT SPECT imaging of low- and medium energy emitters.

Introduction

Since the introduction of the first imaging SPECT camera invented by Anger (1958), different design trends have
been developed using continuous and pixelated scintillation crystals (Garcia ef al 2011, Gordon DePuey 2012). A
number of constructors have focused on the design of SPECT cameras by optimizing collimators dedicated for
the explored organs and for the energies of the used radionuclides. Therefore, to span all the possible
radionuclides to image most organs, the exchange of collimators was as adopted along with the parallel-hole
collimator, which was proposed since the first images acquire with Anger camera. Before designing this
important component, analytical calculations and Monte Carlo modeling have been considered as an important
tool to their optimization. Many analytical formulations have been developed for parallel-hole, converging and
pinhole collimators (Tsuit and Gullberg 1990, Rentmeester et al 2007, Cherry et al 2012).

In the last two decades, the developments focused on the replacement of standard detectors-based
scintillation crystals by new generations of solid-state pixelated CZT detectors (Park et al 2013). Compared to
monolithic Nal-PMTs tandem, CZT detectors have a better energy resolution, are more robust, their
performances are not altered by aging as such as for the PMTs and they do not require alarge outer dead area.
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Figure 1. Schematic representation of the two-layer collimator matching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal y-rays penetration.

This last property allows setting several compact detectors close together according to a geometry which
focuses on a narrow region of interest which increases the sensitivity on this region (Hutton 2010, Germano et al
2013). Nine swiveling vertical columns equipped with a one hole matching pixel detector (1HMPD)
configuration has been developed by Spectrum Dynamics for the DSPECT system (Erlandsson et al 2009). GE
Healthcare has designed the Discovery NM 530c system, which consists of 19 stationary small pixelated CZT
detectors focused with 19 pinhole collimators (Slomka et al 2009, Garcia et al 2011). Both systems significantly
improve the sensitivity in cardiac study (Gambhir et al 2009, Kennedy et al 2014).

Recently, large pixelated CZT cameras for general-purpose studies have been commercialized. This
conceptual design will likely replace traditional large scintillation crystals-based design. To this end, the
potential use of a large field-of view of pixelated CZT detector has recently been introduced by GE Healthcare
through the design of the large field-of-view GENM/CT 870 CZT camera for general-purpose clinical SPECT
imaging with different parameter characteristics of the IHMPD configuration (Ito et al 2021).

Spectrum dynamics introduced a new version of 360 degree CZT VERITON-CT system with a four holes
matching pixel detector (4HMPD) configuration (Desmonts et al 2020). Recently, the full-ring enclosed system
(GE StarGuide) has also been developed with the AHMPD configuration (Serre et al 2021).

A previous study (Boutaghane et al 2019) has shown that the 4HMPD configuration improves spatial
resolution and contrast. However, the use of this concept with medium energy emitters suffers from an increase
in septal penetration fraction. We hypothesize that using a dual-layer collimator made by stackinga 1-holeand a
4-hole collimator together, both matching the detector pixelization, might be a solution to this problem.

The aim of this work was thus to assess intrinsic dual-layer collimators performance for low and medium
energy emitters. To this end, analytical equations describing the geometrical efficiency and the collimators’
spatial resolution were derived. In addition, a fast Monte Carlo (MC) code neglecting scattering and designed for
the dual-layer collimator geometry was developed to assess the collimator’s point spread function (PSF) shape
and to simulate planar and SPECT acquisitions.

Materials and methods

Analytical geometric efficiency

Figure 1 shows a schematic representation of collimator hole cross-section in the x-axis direction. The septa
penetration can be taken into account by assuming that the y-rays can cross the septa within a distance 1/ to
the septa edge (dashed horizontal blue lines) where y is the attenuation of the septa material.
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Figure 2. Schematic representation of the two-layer collimator matching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal y-rays penetration.

Let’s consider the right sub-hole, by choosing the x-axis origin at the inner side of the internal septa of
thickness s;, the intersection x,,, of the dashed red line crossing the two left penetration points on the effective top
edge of the septa is given by:

L
Xm=(d+ s;)—, 1
( ) 20 ey
where the ~ operator is defined as:

I=1-2/pifl > 2/ = 0 otherwise )

when x,,, > (d — s;) /2 all the y-rays coming from the left have to cross the internal septa to be detected. This
condition can be re-written as:

L>1 1-si/d 3)
1+s;/d
.7 1—5s;/d
Istcase: , > ey
Assuming d/2 < L, we get:
0 ~ = 4)
h
R ©)
L+ 15
The mean effective angular aperture of the right sub-hole is given by the integral:
0 _ _
0= _2 f XL UZs)/2 =X, 6)
d— Si J(d—si)/2 12 11 + 12
which trivially gives:
o=W=w/2f 1 1 @)
2 L+ h

for a circular hole, the efficiency is just the solid angle (divided by 47) obtained by making a 27 revolution of the
aperture ©, which in spherical coordinates is given by the double-integration:

2m 0/2 2
L dy f sin #d0 = l(1 — cos 9) ~ 6— (8)
4m Jo 0 2 2 16

For a square aperture equation (8) has to be multiplied by the square to inner circle area ratio, i.e. 4/, taking
into account the sub-holes surface to detector surface ratio ((d — s;) /2)?/((d + s.)/2)?, we have for the
collimator efficiency:
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Figure 3. Schematic representation of the two-layer collimator matching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal y-rays penetration. When x is larger than x,, only the right sub-hole is still reachable by the gamma
rays.
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resulting in the final expression:

2
1 1 d—sp/2* 1 1
T (<d+se)/2>2[ 2 (zl+zz lz)) (o
when [, = 0, equation (10) reduces to:
2
oo L1 (((d —~si)/2)2) (a1
4 ((d + s.)/2)° h

which is the conventional geometric efficiency for a square hole collimator of hole inner size (d — s;) /2 (Cherry
etal2012).

2" case: | <

Figure 2 shows that in this case the region x < x,,, corresponds to y-rays never intersected by the left septa,
while the region x > x,, region corresponds to v-rays never intersected by the internal septa.

The acceptance angles are given by:

O~ = (12)
b
o, U=)/2 7 x (13)
L+
0~ =2 (14)
L+ 1
we have:
1 L
O+ O ——|x=+ d—s)/2| (15)
(h+b) h
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The effective total angular aperture of the right sub-hole is given by the integral:

.
@+si) 32 d-5)/2

0= ,\1_, f 2l‘(ac1~—1+ (d—si)/Zde+ p ddx| (16)
RS b 3y

The trivial integration gives:

N2 T 22 T
oL |[Wrs) b 4 l—2+d(d—si—<d+s,-)l—2). (17)
2(ll+lz) 4 ll 2 ll

Using equation (9) we get for the collimator efficiency:

oo 1 1 ((d+s,»)ll~_2+d2—s,»zl~

~ 2

l
=— 2 —dd+s)2+dd—s) |- 18
47 (d + s,)? (m)z 4 L 5 I ( S)ll ( Si) (18)

When L, = 0 and s; = 0 equation (18) reduces to:
1 a4
4 (d+ ) (h)

which is the conventional square hole collimator efficiency (Cherry et al 2012).

b4 (19)

Analytical spatial resolution
The NEMA NU 1-2018 protocol for pixelated detector (NEMA) was used for the spatial resolution computation.
Analytically this spatial resolution is twice the source shift needed to reduce by twofold the intensity in the pixel
detector on which the source was initially centered (Siman and Kappadath 2012). Figure 3 shows the two
acceptance angles O; for a point source shifted by the distance x from the detector pixel center, note that in this
computation it is no longer needed to differentiate the two cases.

The two acceptance angles can be written as the differences of the angles versus the left dashed black line, i.e.:

0:(x) ~ max X = si/2 — x—d/z,o ifx > d/2
b+L+L—-1/p b+1/p
~ d/2 = 5i/2 otherwise (20)
b+hL+L—-1/pn
box) ~ max| — T2 _xEs/2 @1
b+hL+L—1/u b+hL+1/u
the PSF is given by:
PSE(x) =~ 61(x) + 6,(x) (22)
and the FWHM is by:
PSF(FWHM) _ 1 d—s; (23)
2 2b+ll+1271/ﬂ
the right term of equation (23) being the PSF value when the source is centered in front of the hole.
A trivial calculation gives:
FWHM
d i 1 1 2
_ _ $ / + —~ . (24)
b+1/p b4+hL+1/p) \b+1/u b+L+1/p b+L+L—1/u
Monte Carlo code

A fast Monte Carlo code modelling the dual-layer collimators coupled to an ideal pixelated detector was
developed in visual c++. SIMD oriented fast Mersen twister random generators were used for uniform random
drawing (Saito and Matsumonto). Scattering was neglected, and the probability of a y-ray to cross any septa was
given by e " where 1 is the septa material attenuation coefficient and / the crossing length within the septa.
Beside neglecting the scattering process, the simulation speed is also significantly improved by the fact that the
computation of the crossing point of the y-rays with the collimator septa directly take into account that the septa
are periodically set in the two transverse directions.

In order to evaluate the impact of neglecting the scattering, one collimator PSF was also computed using
GATE 8.2 (Sarrut et al 2014) for an ideal pixelated detector, i.e. the gamma ray energy was forced to be totally
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Figure 4. (A): FWHM and spatial resolution at 140 keV as a function of the distance b to the collimator as defined by the NEMA NU
1-2018 protocol for pixelated detector. Blue: IHMPD 45 mm, orange: optimal combined, gray: 4HMPD. Lines: equation (23). Circles:
FWHM computed with the fast MC code. Squares: spatial resolution computed with MC. (B): ratio to the IHMPD 45 mm.

Table 1. Analytical and fast MC code comparison of geometric efficiencies gand FWHM for dual-layer collimators, the layers thickness /;
and I, of which were chosen to get g = 1.71 x 10~ * using the fast MC code.

=1, [mm] 45-0.0 40-1.2 35-4.8 30-7.9 25-10.7 20-13.0 15-14.2 10-153 5-17.0 0-19.1

gx 10* (equations (10) 1.75 1.76 1.76 1.78 1.78 1.77 1.77 1.77 1.74 1.74
or (18))

FWHM (MC) [mm)] 7.34 7.26 6.93 6.75 6.59 6.52 6.66 6.84 6.84 6.67

FWHM 7.37 7.32 7.00 6.80 6.63 6.55 6.69 6.87 6.85 6.67
(equation (23)) [mm]

depose when it hits the detector. By the way, the only physical difference between the fast MC code and GATE
simulations was the absence of scattering within the collimator septa.

Dual layer optimization

The collimator reference was the WEHR lead collimator equipping the GENM/CT 870 CZT camera, i.e.
p = 2.7and 0.71 mm " for 140 and 245 keV ~-rays, respectively. Other parameters were: detector pixel
width = 2.46 mm, septal thickness s, = 0.2 mm, collimator thickness /; = 45 mm (I, = 0), resultingin
g = 1.75E-4 using equation (19).

The layer thickness [, was computed as a function of the decreasing /; thickness in order to keep the
geometric efficiency computed by MC equal to that of the WEHR collimator. Afterwards the geometric
efficiency was computed using equations (10) or (18), and the FWHM of the PSF was assessed with the fast MC
code according to the NEMA NU 1-2018 protocol and also computed using equation (24). Additionally, the
spatial resolution was also assessed as the minimal distance between 2 point-sources to distinguish a valley
between the 2 point-sources in the intensity profile simulated using the fast MC code according to the NEMA
NU 1-2018 protocol.

Imaging evaluation
A high statistics bar phantom acquisition in whole-body mode was simulated with the fast MC code for a
distance of 10 cm to the collimator. Whole-body mode acquisition was chosen because it corresponds to the
NEMA NU 1-2018 protocol PSF assessment for pixelated detector. Also, the spatial resolution for pixelated
detector is not uniform in static planar acquisition and locally depends on the transverse distance between
activity transition and detector pixel edge position. For bar phantoms this results in moire effect (Kim et al 2018).
A high statistics SPECT acquisition of the Ultra deluxe Jaszczak hot rods insert was also simulated with the
fast MC code, the rods inner diameter being 3.2, 4.8, 6.4,7.9,9.5 and 11.1 mm with a 5 cm length. The rotation
radius was 20 cm, giving rods distances to the collimator ranging from 10 to 19 cm. This distance range is
typically met in clinical SPECT imaging. The aim being to evaluate the intrinsic collimators performances, no
attenuation and no scattering was applied within the phantom, and the acquisitions were reconstructed with the
FBP algorithm of the MIM software 7.1.3 (Cleaveland, OH) in a 256 x 256 matrix (pixel size = 1.23 mm) from
256 simulated angle positions.
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Figure 5. (A), (B): intensity profile (arbitrary unit) at 140 (i =2.73 mm ') and 245 keV (1 = 0.71 mm ™) for one point source at
10 cm computed by MC according to the NEMA NU 1-2018 protocol for pixelated detector. Blue: 45 mm 1HMPD, orange:

20-13 mm 1H/4HMPD, gray: 19.1 mm 4HMPD. Note the long constant tails at 245 keV. (C): intensity profile of two point-sources
at 10 cm separated by the collimator FWHM + 0.1 mm.

Table 2. FWHM of the different dual-layer collimators (coll.) of table 1 as a function of the distance (dist.) computed with the fast MC code
and according to the NEMA NU 1-2018 protocol for pixelated detector (All numbers in table are in mm. Cells are colored in rainbow scale,
i.e. for each row, green to red for FWHM ranging from the minimum to the maximum value of the row.)

dist/coll. 4500  40-12 3548 3079 25107 20-13.0 15142 10-153 5170  0-19.1

2 3.0 2.97 291 2.82 261 2.49
4 3.92 3.83 3.82 3.79 3.64 3.37
6 4.8 4.72 4.76 4.8 4.7 4.47
8 5.68 5.61 5.7 5.82 5.76 5.57

10 6.59 6.52 6.66 6.84 6.84 6.67

12 7.48 7.41 7.62 7.86 7.91 7.77

14 8.38 8.32 8.57 8.9 8.88

16 9.28 9.23 9.53

18 1018 1015  10.51

20 11.09 1106  11.47

Results

Table 1 shows the comparison between the analytical equation and the MC simulation for the collimator
efficiencies and FWHM. The equations provided a relative overestimation of 2.9 £ 0.8% for the efficiency,
while the FWHM agreement was better than 1%.

The color scaled table 2 shows the FWHM of the dual-layer collimator PSF as a function of the distance to the
collimator computed with Monte Carlo according to the NEMA NU 1-2018 protocol for pixelated detector. The
20-13 collimator was chosen as optimal configuration.

Figure 4 shows the collimators FWHM (circles) and spatial resolution (rectangles) as a function of the
source-collimator distance b for the three collimators configurations types (1IHMPD, optimal 1H/4HMPD and
4HMPD) for 140 keV ~-rays. Spatial resolution was found equal to the FWHM for the mono-layer IHMPD and
4HMPD collimators, but not for dual-layer 1H/4HMPD collimators.

Figures 5(A), (B) show the intensity profile at 140 and 245 keV for a point source at 10 cm computed by MC
according to NEMA NU 1-2018 protocol for pixelated detector. All collimators exhibit constant long tails at
245 keV, especially the AHMPD collimator the tails of which being twice that of the two other ones. The optimal
dual-layer collimator PSF exhibits a narrow shoulder below 30% of the peak value. We will come back on this
apparent drawback in the discussion section.

Figure 5(C) shows the intensity profile at 140 keV for 2 point-sources at 10 cm and separated by the
collimator FWHM + 0.1 mm, i.e. 7.34, 6.52 and 6.67 mm (see table 2). Note that the valley between the two
source peaks is much deeper for the optimal 1H/4HMPD collimator. In fact, the optimal collimator gives the
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Figure 6. PSF at 140 keV of the collimator 20-13, computed with the fast MC code (orange curve), with GATE (orange triangles) and
with the analytical equation (22) (black dashed curve). Note the wrong tail prolongations of the analytical PSF (blue arrows).
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Figure 7. High statistics MC simulation of bar phantoms acquired in whole-body mode. Orange and grey curves: 1H/4HMPD and
4HMPD vertical profiles, respectively. Note the better contrast and valley deepness obtained by the 1H/4HMPD collimator for the
3 mm bar phantom. (The bar contrast of the 3—4 mm bar phantoms is so low that for some monitor tunings the grey bars can be
invisible.)
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Figure 8. FBP reconstructions of the middle slice of the high statistics SPECT acquisition of the Ultra deluxe Jaszczak hot rods insert
simulated with the fast MC code for a rotation radius of 20 cm. (A), (C) and (B), (D): using the 1H/4HMPD and 4HMPD collimators,
respectively. (A), (B) and lower (C), (D): MC simulations for 140 and 245 keV primary -rays, respectively. (E): True phantom activity
distribution. Note the much better contrast preservation versus the deepness for the 1H/4HMPD collimator and the right circular
shape of the outer rods.

same valley deepness than the two other ones for a shift of only 5.5 mm which can be considered as the actual
spatial resolution of this collimator.

Figure 6 shows the PSF of the collimator 20-13 mm 1H/4HMPD computed with the fast MC code, with
GATE and with the analytical equation (22). The artefactual tail prolongations of the analytical PSF result from
the fact that equations (20)—(21) do not take into account the gamma ray absorption by the remote septa of the
neighbor holes.

Figure 7 shows the MC simulation of whole-body mode acquisitions of bar phantoms located 10 cm far away
from the collimator.

Figure 8 shows FBP reconstructed slices of the high statistics SPECT acquisition of the Ultra deluxe Jaszczak
hot rods insert simulated by the fast MC code.

Discussion

The study showed a relative agreement between the analytical equations and the MC simulations better than 3%
and 1% for the efficiency and the FWHM, respectively (table 1). This agreement is a mutual cross-validation of
the fast MC code and of the analytical equations. Furthermore, in the limit of the single layer collimator, these
equations rightly reduce to the conventional efficiency and FWHM ones.

The results showed that for an equal efficiency, the optimal 1H/4HMPD collimator provided: (1) a better
spatial resolution than the IHMPD one (figure 4); (2) a better spatial resolution than the AHMPD one for
distances above 5 cm that are typically met in clinical SPECT imaging (figure 4); (3) long constant tails at 245 keV
twice lower than those observed with the 4HMPD collimator (figure 5C); (4) a deeper profile valley for two
sources separated by the collimator FWHM (figure 5(B)).

The spatial resolution is the minimal distance between 2 point-sources needed to distinguish 2 peaks in the
intensity profile crossing the 2 sources. The spatial resolution is commonly assimilated to the FWHM of the PSF.
In fact, this equality is only exact for triangular PSF which gives a constant intensity profile between 2 point-
sources separated by the FWHM. However, this approximation is quite accurate for Gaussian shaped PSF.

The PSF of the 1H/4HMPD collimator computed with the fast MC code and with the equation (22) exhibits
ashoulder on the low region confirmed by the GATE simulation (figure 5(A)). The shoulder result from the fact
that when |x| > |x| (see figures 3, 6) the intensity reduction is only due to the increasing of the inner septum

9
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shadow which results in a twofold reduction of the PSF slope versus the region |x| < |x,| where the two septa
shadows simultaneously increase. Afterwards, the absorption of the gamma rays by the remote septa of the
neighbor hole dumps the PSF, an effect which is not taken into account by equations (20)—(21).

When the distance between two sources is smaller than the FWHM, the shoulder of one source is added to
the peak position of the other one, and reciprocally. As a result, the valley deepness is increased (figure 5(B)). For
this, it is mandatory for best spatial resolution evaluation to use another alternative of the isolated punctual
source as well as the bar and Jaszczak phantoms. Figures 7—8 show that this feature improves the visualization of
pattern scale lower than the FWHM, but at the cost of a little bit lower contrast for pattern scale larger than the
FWHM. Remarkably, figure 8 shows that the contrast using the 1H/4HMPD is well preserved when moving
away from the collimator. This better spatial resolution uniformity results in a better reproduction of the
circular shape of the outer rods. These two benefits hold for 245 keV ~-rays.

This amazing benefit of having a shoulder in the PSF is a paradigm shift. Indeed, it is commonly accepted
that faster is the PSF decrease, better is the spatial resolution. In contrary, the present simulations show that a
narrow shoulder can improve the spatial resolution. Despite an extensive literature search among collimator or
optical lenses studies, we did not find any other works describing this effect. Theoretical and simulation studies
to determine the optimal shoulder shape will be valuable. However, the design and building of the collimator
enabling the optimal PSF shape could be highly challenging and even impossible.

Our study has the limitation of neglecting the intra-septa scattering. This choice was justified by the intent to
cross validate the fast MC code with analytical equations in which septa scattering cannot be modelized. Another
reason was to obtain a fast MC code allowing fast SPECT simulation in order to make easier a first optimization
of the collimator parameters. Last, the GATE simulation of the PSF which included intra-septa scattering is very
similar to that obtained with the fast MC code.

Obviously, real CZT-1H/4HMDP performance will be hampered by statistical noise and intra phantom or
patient attenuation and scattering. However, this preliminary study was to evaluate the intrinsic collimator
performances. These intrinsic performances will still have to be evaluate in non-conventional SPECT samplings
such as performed in the GE StarGuide (Serre et al 2021) and in the Spectrum-Dynamics VERITON-CT
(Desmonts et al 2020) system.

Further realistic SPECT acquisition using full-physics MC code will have to be performed.

Conclusion

For source-collimator distance above 5 cm and equal geometrical collimator efficiency, the spatial resolution of
the optimal 1H/4HMDP collimator supersede that of the 45 mm length IHMPD collimator, as well as that of
the 19.1 mm length 4HMPD collimator. This improvement was observed in simulated bar phantom planar
imaging and in hot rods phantom SPECT. Remarkably, the spatial resolution was preserved on the whole
deepness of the Jaszczak phantom. The newly proposed combined collimator was investigated to be another
solution to the existing parallel-hole collimators for large field of view pixelated CZT detector and full-ring
enclosed detector for low and medium energy emitters.
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