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Abstract
Purpose.Current holematchingpixel detector (HMPD) collimators for SPECT imaging exist in two
configurations: one hole per pixel (1HMPD)or four holes per pixel (4HMPD). The aimof this studywas
to assess the performance of a dual-layer collimatormadeby stackingup these two collimator types
(1H/4HMDP) for low- andmediumenergy gamma emitters.Method. Analytical equations describing
geometrical efficiency and full width at halfmaximum (FWHM)of the 1H/4HMDPcollimatorwere
derived. In addition, a fast dedicatedMonteCarlo (MC) codeneglecting scattering anddesigned for the
collimator geometrywas developed to assess the collimator’s point spread function and to simulate
planar and SPECTacquisitions.Results.A relative agreement between analytical equations andMC
simulations better than 3%was observed for the efficiency and for the FWHM.The length of the two
layerswas optimized to get thebest spatial resolutionwhile keeping the geometrical efficiency equal to
that of the 45mm length 1HMPDcollimator. Anoptimized combinationof the 1H/4HMPD
configurationwith respective hole lengths of 20 and13mmhas been derived. For source-collimator
distances above 5 cmand equal collimator geometrical efficiency, the spatial resolutionof this optimal
1H/4HMDPcollimator supersedes that of the 45mm length1HMPDcollimator, and that of the 19.1
mm length 4HMPDcollimator. This improvementwas observed in simulations of bar phantomplanar
images andof hot rods phantomSPECT.Remarkably, the spatial resolutionwas preserved along the
whole radial rangewithin the Jaszczakphantom.Conclusion.The 1H/4HMDPcollimator is a promising
solution forCZTSPECT imaging of low- andmediumenergy emitters.

Introduction

Since the introduction of thefirst imaging SPECT camera invented byAnger (1958), different design trends have
been developed using continuous and pixelated scintillation crystals (Garcia et al 2011, GordonDePuey 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 imagemost organs, the exchange of collimators was as adopted alongwith the parallel-hole
collimator, whichwas proposed since thefirst images acquirewith Anger camera. Before designing this
important component, analytical calculations andMonteCarlomodeling have been considered as an important
tool to their optimization.Many analytical formulations have been developed for parallel-hole, converging and
pinhole collimators (Tsuit andGullberg 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 pixelatedCZTdetectors (Park et al 2013). Compared to
monolithicNaI-PMTs tandem, CZTdetectors have a better energy resolution, aremore robust, their
performances are not altered by aging as such as for the PMTs and they do not require a large outer dead area.
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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 equippedwith a one holematching pixel detector (1HMPD)
configuration has been developed by SpectrumDynamics for theDSPECT system (Erlandsson et al 2009). GE
Healthcare has designed theDiscoveryNM530c system,which consists of 19 stationary small pixelatedCZT
detectors focusedwith 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 pixelatedCZT cameras for general-purpose studies have been commercialized. This
conceptual designwill likely replace traditional large scintillation crystals-based design. To this end, the
potential use of a largefield-of view of pixelatedCZTdetector has recently been introduced byGEHealthcare
through the design of the largefield-of-viewGENM/CT870CZT camera for general-purpose clinical SPECT
imagingwith different parameter characteristics of the 1HMPDconfiguration (Ito et al 2021).

Spectrumdynamics introduced a new version of 360 degree CZTVERITON-CT systemwith a four holes
matching pixel detector (4HMPD) configuration (Desmonts et al 2020). Recently, the full-ring enclosed system
(GEStarGuide) has also been developedwith the 4HMPDconfiguration (Serre et al 2021).

A previous study (Boutaghane et al 2019) has shown that the 4HMPDconfiguration improves spatial
resolution and contrast. However, the use of this concept withmedium energy emitters suffers from an increase
in septal penetration fraction.We hypothesize that using a dual-layer collimatormade by stacking a 1-hole and a
4-hole collimator together, bothmatching the detector pixelization,might be a solution to this problem.

The aimof this workwas thus to assess intrinsic dual-layer collimators performance for low andmedium
energy emitters. To this end, analytical equations describing the geometrical efficiency and the collimators’
spatial resolutionwere derived. In addition, a fastMonte Carlo (MC) code neglecting scattering and designed for
the dual-layer collimator geometrywas developed to assess the collimator’s point spread function (PSF) shape
and to simulate planar and SPECT acquisitions.

Materials andmethods

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 γ-rays can cross the septa within a distance 1/μ to
the septa edge (dashed horizontal blue lines)whereμ is the attenuation of the septamaterial.

Figure 1. Schematic representation of the two-layer collimatormatching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal γ-rays penetration.
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Let’s consider the right sub-hole, by choosing the x-axis origin at the inner side of the internal septa of
thickness si, the intersection xm of the dashed red line crossing the two left penetration points on the effective top
edge of the septa is given by:
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Themean effective angular aperture of the right sub-hole is given by the integral:
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for a circular hole, the efficiency is just the solid angle (divided by 4π) obtained bymaking a 2π revolution of the
apertureΘ, which in spherical coordinates is given by the double-integration:

⎛
⎝

⎞
⎠

( )d d
1

4
sin

1

2
1 cos

2 16
. 8

0

2

0

2 2

ò òj q q
p

= -
Q

»
Qp Q/

For a square aperture equation (8) has to bemultiplied by the square to inner circle area ratio, i.e. 4/π, taking
into account the sub-holes surface to detector surface ratio (( ) ) (( ) )d s d s2 2 ,i e

2 2- +/ / / we have for the
collimator efficiency:

Figure 2. Schematic representation of the two-layer collimatormatching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal γ-rays penetration.

3

Phys.Med. Biol. 67 (2022) 065006 NBoutaghane et al



(( ) )
(( ) )

( )g
d s

d s

4 2

2 16
9i

e

2

2

2

p
=

-
+

Q/

/

resulting in the final expression:

⎜ ⎟
⎛

⎝
⎜

⎛

⎝

⎞

⎠

⎞

⎠
⎟(( ) )

(( ) ) ( )g
d s

d s

l l l

1

4

1

2

2

2

1 1
10

e

i
2

2

1 2 2

2

p
=

+
-

+
+~/

/

when l1=0, equation (10) reduces to:
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which is the conventional geometric efficiency for a square hole collimator of hole inner size ( )d s 2i- / (Cherry
et al 2012).

2nd case: l l s d

s d2 1
1

1
i

i

-
+

 /

/

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

The acceptance angles are given by:
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Figure 3. Schematic representation of the two-layer collimatormatching one pixel detector (light green). Horizontal blue lines show
the extremal limits of the septal γ-rays penetration.When x is larger than xs, only the right sub-hole is still reachable by the gamma
rays.
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The effective total angular aperture of the right sub-hole is given by the integral:
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The trivial integration gives:
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Using equation (9)we get for the collimator efficiency:
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When l s0 and 0i2 = = equation (18) reduces to:
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which is the conventional square hole collimator efficiency (Cherry et al 2012).

Analytical spatial resolution
TheNEMANU1-2018 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 onwhich the sourcewas initially centered (Siman andKappadath 2012). Figure 3 shows the two
acceptance anglesϴi 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 bewritten as the differences of the angles versus the left dashed black line, i.e.:
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the PSF is given by:
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the right termof equation (23) being the PSF valuewhen the source is centered in front of the hole.
A trivial calculation gives:

⎜ ⎟ ⎜ ⎟
⎛
⎝

⎞
⎠

⎛
⎝

⎞
⎠

( )d

b

s

b l b b l b l l

FWHM

1 1

1

1

1

1

2

1
. 24i

1 1 1 2m m m m m
=

+
-

+ + +
+

+ +
-

+ + -/ /
/

/ / /

MonteCarlo code
A fastMonte Carlo codemodelling the dual-layer collimators coupled to an ideal pixelated detector was
developed in visual c++. SIMDoriented fastMersen twister randomgenerators were used for uniform random
drawing (Saito andMatsumonto). Scatteringwas neglected, and the probability of a γ-ray to cross any septawas
given by e l-m whereμ is the septamaterial attenuation coefficient and l the crossing lengthwithin 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 γ-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 PSFwas also computed using
GATE8.2 (Sarrut et al 2014) for an ideal pixelated detector, i.e. the gamma ray energywas forced to be totally
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deposewhen it hits the detector. By theway, the only physical difference between the fastMC code andGATE
simulationswas the absence of scatteringwithin the collimator septa.

Dual layer optimization
The collimator reference was theWEHR lead collimator equipping theGENM/CT870CZT camera, i.e.
μ=2.7 and 0.71mm−1 for 140 and 245 keV γ-rays, respectively. Other parameters were: detector pixel
width=2.46mm, septal thickness se=0.2mm, collimator thickness l1=45mm (l2=0), resulting in
g=1.75E-4 using equation (19).

The layer thickness l2 was computed as a function of the decreasing l1 thickness in order to keep the
geometric efficiency computed byMCequal to that of theWEHRcollimator. Afterwards the geometric
efficiencywas computed using equations (10) or (18), and the FWHMof the PSFwas assessedwith the fastMC
code according to theNEMANU1-2018 protocol and also computed using equation (24). Additionally, the
spatial resolutionwas also assessed as theminimal distance between 2 point-sources to distinguish a valley
between the 2 point-sources in the intensity profile simulated using the fastMC code according to theNEMA
NU1-2018 protocol.

Imaging evaluation
Ahigh statistics bar phantomacquisition inwhole-bodymodewas simulatedwith the fastMC code for a
distance of 10 cm to the collimator.Whole-bodymode acquisitionwas chosen because it corresponds to the
NEMANU1-2018 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 inmoire effect (Kim et al 2018).

A high statistics SPECT acquisition of theUltra deluxe Jaszczak hot rods insert was also simulatedwith the
fastMC code, the rods inner diameter being 3.2, 4.8, 6.4, 7.9, 9.5 and 11.1mmwith a 5 cm length. The rotation
radiuswas 20 cm, giving rods distances to the collimator ranging from10 to 19 cm. This distance range is
typicallymet in clinical SPECT imaging. The aimbeing to evaluate the intrinsic collimators performances, no
attenuation andno scatteringwas appliedwithin the phantom, and the acquisitionswere reconstructed with the
FBP algorithmof theMIM software 7.1.3 (Cleaveland,OH) in a 256×256matrix (pixel size=1.23mm) from
256 simulated angle positions.

Table 1.Analytical and fastMC code comparison of geometric efficiencies g and FWHM for dual-layer collimators, the layers thickness l1
and l2 of whichwere chosen to get g=1.71×10−4 using the fastMC code.

l1–l2 [mm] 45–0.0 40–1.2 35–4.8 30–7.9 25–10.7 20–13.0 15–14.2 10–15.3 5–17.0 0–19.1

g× 104 (equations (10)
or (18))

1.75 1.76 1.76 1.78 1.78 1.77 1.77 1.77 1.74 1.74

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

FWHM

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

Figure 4. (A): FWHMand spatial resolution at 140 keV as a function of the distance b to the collimator as defined by theNEMANU
1-2018 protocol for pixelated detector. Blue: 1HMPD45mm, orange: optimal combined, gray: 4HMPD. Lines: equation (23). Circles:
FWHMcomputedwith the fastMC code. Squares: spatial resolution computedwithMC. (B): ratio to the 1HMPD45mm.
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Results

Table 1 shows the comparison between the analytical equation and theMC simulation for the collimator
efficiencies and FWHM.The equations provided a relative overestimation of 2.9±0.8% for the efficiency,
while the FWHMagreementwas better than 1%.

The color scaled table 2 shows the FWHMof the dual-layer collimator PSF as a function of the distance to the
collimator computedwithMonteCarlo according to theNEMANU1-2018 protocol for pixelated detector. The
20–13 collimatorwas 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 (1HMPD, optimal 1H/4HMPDand
4HMPD) for 140 keV γ-rays. Spatial resolutionwas found equal to the FWHMfor themono-layer 1HMPDand
4HMPDcollimators, but not for dual-layer 1H/4HMPDcollimators.

Figures 5(A), (B) show the intensity profile at 140 and 245 keV for a point source at 10 cm computed byMC
according toNEMANU1-2018 protocol for pixelated detector. All collimators exhibit constant long tails at
245 keV, especially the 4HMPDcollimator 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.Wewill 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+0.1mm, i.e. 7.34, 6.52 and 6.67mm (see table 2). Note that the valley between the two
source peaks ismuch deeper for the optimal 1H/4HMPDcollimator. In fact, the optimal collimator gives the

Figure 5. (A), (B): intensity profile (arbitrary unit) at 140 (μ= 2.73mm−1) and 245 keV (μ=0.71mm−1) for one point source at
10 cm computed byMCaccording to theNEMANU1-2018 protocol for pixelated detector. Blue: 45mm1HMPD, orange:
20–13 mm1H/4HMPD, gray: 19.1mm4HMPD.Note the long constant tails at 245 keV. (C): intensity profile of two point-sources
at 10 cm separated by the collimator FWHM+0.1mm.

Table 2. FWHMof the different dual-layer collimators (coll.) of table 1 as a function of the distance (dist.) computedwith the fastMC code
and according to theNEMANU1-2018 protocol for pixelated detector (All numbers in table are inmm.Cells are colored in rainbow scale,
i.e. for each row, green to red for FWHMranging from theminimum to themaximumvalue of the row.)
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Figure 6.PSF at 140 keVof the collimator 20–13, computedwith the fastMC code (orange curve), withGATE (orange triangles) and
with the analytical equation (22) (black dashed curve). Note thewrong tail prolongations of the analytical PSF (blue arrows).

Figure 7.High statisticsMC simulation of bar phantoms acquired inwhole-bodymode.Orange and grey curves: 1H/4HMPDand
4HMPDvertical profiles, respectively. Note the better contrast and valley deepness obtained by the 1H/4HMPDcollimator for the
3 mmbar phantom. (The bar contrast of the 3–4mmbar phantoms is so low that for somemonitor tunings the grey bars can be
invisible.)

8

Phys.Med. Biol. 67 (2022) 065006 NBoutaghane et al



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

Figure 6 shows the PSF of the collimator 20–13mm1H/4HMPDcomputedwith the fastMC code, with
GATE andwith 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 theMC simulation of whole-bodymode 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 theUltra deluxe Jaszczak
hot rods insert simulated by the fastMC code.

Discussion

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

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

The spatial resolution is theminimal 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 FWHMof the PSF.
In fact, this equality is only exact for triangular PSFwhich gives a constant intensity profile between 2 point-
sources separated by the FWHM.However, this approximation is quite accurate forGaussian shaped PSF.

The PSF of the 1H/4HMPDcollimator computedwith the fastMC code andwith the equation (22) exhibits
a shoulder on the low region confirmed by theGATE simulation (figure 5(A)). The shoulder result from the fact
that when |x|>|xs| (see figures 3, 6) the intensity reduction is only due to the increasing of the inner septum

Figure 8. FBP reconstructions of themiddle slice of the high statistics SPECT acquisition of theUltra deluxe Jaszczak hot rods insert
simulatedwith the fastMC code for a rotation radius of 20 cm. (A), (C) and (B), (D): using the 1H/4HMPDand 4HMPDcollimators,
respectively. (A), (B) and lower (C), (D):MC simulations for 140 and 245 keV primary γ-rays, respectively. (E): True phantom activity
distribution. Note themuch better contrast preservation versus the deepness for the 1H/4HMPDcollimator and the right circular
shape of the outer rods.
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shadowwhich results in a twofold reduction of the PSF slope versus the region |x|<|xs|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 ismandatory for best spatial resolution evaluation to use another alternative of the isolated punctual
source aswell 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 iswell preservedwhenmoving
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 γ-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 notfind any other works describing this effect. Theoretical and simulation studies
to determine the optimal shoulder shapewill 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 choicewas justified by the intent to
cross validate the fastMC codewith analytical equations inwhich septa scattering cannot bemodelized. Another
reasonwas to obtain a fastMC code allowing fast SPECT simulation in order tomake easier afirst optimization
of the collimator parameters. Last, theGATE simulation of the PSFwhich included intra-septa scattering is very
similar to that obtainedwith the fastMC code.

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

Further realistic SPECT acquisition using full-physicsMC codewill 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 45mm length 1HMPDcollimator, as well as that of
the 19.1mm length 4HMPDcollimator. This improvement was observed in simulated bar phantomplanar
imaging and in hot rods phantomSPECT. Remarkably, the spatial resolutionwas preserved on thewhole
deepness of the Jaszczak phantom. The newly proposed combined collimatorwas investigated to be another
solution to the existing parallel-hole collimators for largefield of view pixelatedCZTdetector and full-ring
enclosed detector for low andmedium energy emitters.
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