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Introduction: Quantitative accuracy in SPECT is mainly affected by collimator 
penetration and scattering, particularly for high-energy imaging. Lofthole 
collimation offers superior performance in terms of penetration and scattering. 
Methods: In this research, the GATE Monte Carlo simulator was exploited to 
calculate edge penetration and scattering in the lofthole collimator using an in-
air and in-phantom point source of Tc-99m and I-123. The performance of the 
lofthole was then compared to that of a pinhole. Both lofthole and pinhole 
collimators were assumed to have the same geometry including an aperture 
diameter of 3.04 mm and an opening angle of 75°. Furthermore, the angular 
distribution of the scattering and penetration were investigated for a multi-
lofthole collimator. 
Results: The results show that penetration, scattering, and sensitivity are all a 
function of the photon energy. The penetration and scattering of the pinhole are 
about 4% higher than that of the lofthole collimator, for Tc-99m SPECT. 
Compared to the Tc-99m, I-123 SPECT suffers from approximately 1.5- and 1.42-
fold higher penetration and scatter fractions, respectively, for lofthole aperture. 
Moreover, the lofthole collimator presents a higher sensitivity compared with 
the pinhole (0.030 versus 0.023 for the Tc-99m SPECT). In addition, the findings 
exhibit a reduction in sensitivity by increasing the photon incidence angle. Both 
scattering and penetration fractions illustrate a decreasing trend across the angle 
of incidence. 
Conclusion: Compared to pinhole, the lofthole offers superior performance in 
terms of scattering and penetration for both low- and high-energy SPECT 
imaging. 
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INTRODUCTION 

Single-photon emission computed tomography 
(SPECT) can probe several functional processes 
of the object being imaged and therefore has 
found various applications in cardiac, renal, 
bone, and breast imaging to detect and diagnose 
diseases and cancers [1-5]. It is well-known that 
the collimator plays a key role in the design of 
such scanners in order to obtain high-quality 
images [6-10]. Therefore, different generations 
of collimators have been proposed to balance 
the existing sensitivity-resolution compromise 
depending on the imaging task [11-13]. For 
example, multi-pinhole collimators are widely 
used in high-resolution imaging where the 
organ/object of interest is small such as 
preclinical imaging and breast-dedicated 
scanning [14-28]. However, SPECT images suffer 
from collimator scattering and penetration, 
particularly for high-energy imaging [29, 30]. The 
problem is approached by introducing new 
versions of pinhole including keel-edge pinhole 
[31] and lofthole [9]. Utilizing high-density and 
high-Z materials such as gold and depleted 
uranium has been also persuaded [32]. Lofthole 
has been proposed as a replacement for pinhole 
as it offers more sensitivity without 
compromising spatial resolution. Because of the 
rectangular entrance/exit of the loftholes, they 
are more compatible with existing rectangular 
radiation detectors and thereby full detector 
coverage is affordable. 
Cot et al. [33], in 2002, investigated the 
scattering and septal penetration in fan-beam 
collimators using Monte Carlo (MC) simulation. 
Their results showed that for Tc-99m imaging, 
the geometric component is about 95%, 
whereas the septal penetration component was 
3.7%. Shafaei et al. [30], in 2009, calculated the 
scattering and septal penetration components in 
a parallel-hole collimator for an energy range of 
250 to 450 keV in a SPECT. They showed that 
64% of events in the photopeak window are 
either scattered or penetrated photons. 
Dewaraja et al. [34], in 2000, estimated the 
scattering and edge penetration in parallel-hole 
collimator for I-131 SPECT. Their simulations 
showed that 73% of events in the photopeak 
window had either scattered or penetrated in 
the collimator, indicating the significance of 
collimator interactions. In 2019, Konik et al. [29], 
compared the penetration and scattering in the 
parallel-hole, single-pinhole, and multi-pinhole 
collimators using MC simulation. They showed 
that multi-pinhole collimators provide low 

penetration and scatter counts compared to 
parallel-hole collimators. The penetration 
events for the parallel hole were 14 times higher 
than that of the multi-pinhole within the 15% 
photopeak window. 
MC simulation is gaining substantial interest in 
nuclear medicine imaging and dosimetry. MC 
modeling is the only possible approach for those 
applications where measurements are not 
feasible or where analytic models are not 
available due to the complex nature of the 
problem [35, 36]. Many general-purpose toolkits 
like MCNP/MCNPX [37], GEANT4 [38], or 
dedicated simulators such as GATE [39, 40] have 
been developed aiming to provide accurate 
results. GATE has been designed as an upper 
layer of the GEANT4 and is a dedicated MC 
software for emission/transmission tomography 
[7, 41], radiation dosimetry, and radiotherapy 
with photon, electron, and charged-particle 
beams [42]. 
While several publications are centered on the 
quantification of scattering and edge 
penetration in pinhole apertures, the literature 
is scant on the lofthole. As the utilization of 
lofthole apertures is increasing, there is a need 
for performance evaluation of such apertures. 
Therefore, this work aims at characterizing the 
lofthole collimator in terms of scattering and 
penetration for two common radionuclides 
using accurate MC simulation and modeling. To 
this end, the performance of the lofthole is 
compared with that of the pinhole as well as 
analytical derivations. 

METHODS 

The scanner with lofthole collimation  
A breast-dedicated SPECT scanner with lofthole 
collimation has been previously designed and 
optimized by the authors [22]. The scanner has a 
cylindrical field-of-view (FOV) allowing breast 
SPECT imaging in a step-and-shoot manner with 
two steps. Key technical details of the collimator 
are listed in Table 1. All holes are distributed 
over a single full ring. Moreover, the apertures 
are focused toward the center of the FOV with 
any tilting. A monolithic NaI(Tl) crystal, with an 
intrinsic resolution of 3.2 mm, was considered as 
a scintillation detector which was a square with 
dimensions of 80×80 mm2  and 10 mm in 
thickness. For a fair comparison (as discussed 
later), the loftholes were also replaced with 
pinhole ones with the same specifications. 
Figure 1 illustrates the two setups corresponding 
to lofthole and pinhole collimations.
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Fig 1. Schematics of single-lofthole (back-to-back pyramid) (right) and single-pinhole (back-to-back cone) (left) apertures in GATE 
simulation. 

 
 

Table 1. Key technical details of breast-dedicated SPECT scanner 

 

 

 

 

 

 

Monte Carlo simulation  
An MC study was carried out using the GATE 
version 8.2 simulator [40]. In this work, all the 
relevant radiation physics including 
photoelectric absorption, Compton and Rayleigh 
scattering for gamma-rays, as well as ionization, 
Bremsstrahlung, and multiple scattering for 
electrons were modeled. Cut-off values of 0.1 cm 
and 1.0 cm for photons and electrons, 
respectively, in the head of the scanner, were 
considered. The detector’s energy resolution  

 

 

was assumed to be energy-dependent, 
Gaussian-distributed, where the full-width at 
half maximum (FWHM) was 10% of a photon’s 
energy [43, 44]. Energy windows according to 
Table 2 were applied to the simulation results. 
Also, the intrinsic spatial resolution of the 
detector was taken into consideration [39]. 
ROOT version 6.15 was exploited for MC 
simulation analysis. The ROOT is an object-
oriented data analysis framework with all the 
functionality needed to handle and analyze large 
amounts of data in a very efficient way [45]. The 
statistical uncertainties of the MC simulations 
were below 1.0%.

Table 2. Settings of the 20% energy windows for different isotopes 

Tracer Photopeak (keV) Photopeak window (keV) 

Tc-99m 140 126-154 

I-123 159 143-175 

Quantification of collimator scattering and 
penetration  
Edge penetration and scattering were calculated 
using a set of GATE simulations. The simulations 
were performed with an in-air point source 
located at the center of the FOV using two 
commonly used radionuclides: Tc-99m and I-
123. As collimator scattering and penetration 
cannot be directly calculated using GATE, a C++ 
script was developed to extract the desirable 

information from the ROOT output. The total 
detected counts include direct, penetration, and 
scattered photons. The primary count is a 
mixture of direct and penetrated photons. Direct 
photons are defined as the unscattered events 
that reach the detector and are counted within 
the energy window. Edge penetration is defined 
as the percentage of photons passing through 
the lofthole/pinhole edges without any 
interaction with the edges and then being 

Value Parameters 

Tungsten, 5 mm Collimator material and thickness 

47 mm Collimator-to-source distance 

95 mm Detector-to-source distance 

NaI(Tl), 10 mm Detector material and thickness 

75° Lofthole opening angle 

3.04 mm Lofthole diameter 
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detected within the energy window. These 
photons may or may not have scattered in places 
other than the collimator before or after 
collimator penetration. The scattered photons 
are those subjected to a single or multiple 
Compton or Rayleigh scattering with matter 
prior to detection within the defined energy 
window. That is, the scattered photons not 
reaching the crystal or being outside the energy 
window are not counted as scattered photons.  
For calculations, only a single-hole was modeled. 
To separate the direct and penetration from the 
primary count, two series of MC simulations 
were performed. In the first set, both photons 
passing directly through the aperture (direct) 
and those passing through the collimator 
material (penetration) were recorded. In the 
second simulation, only those photons passing 
through the collimator materials (penetration) 
were recorded by filling the holes with a virtual 
ultra-high-Z and ultra-high-density material. By 
subtracting the penetration contribution from all 
events, it is feasible to calculate the direct 
component. All simulated data were acquired 
considering a 20% energy window (see Table 2). 
A data acquisition period of 5 min with 1 MBq Tc-
99m/I-123 was considered for each collimator 
setup. 

Angular distribution of scattering and 
penetration  
To evaluate the angular dependency of 
scattering and edge penetration, the point 
source was placed at 6 different positions across 
line S to fully cover the axial FOV of the scanner. 
The positions of the point source were 0, 2, 5, 8, 
16, and 24 mm where 0 denotes the position of 
the point source at the center of FOV. The 
corresponding angles for each position were 0, 
2.43, 6.07, 9.56, 18.79, and 27.05 degrees, 
respectively. An 8-hole collimator was 
considered for the calculation of the angular 
distribution of the scattering and penetration. 
Figure 2 displays the positions of the point 
source over line S. The simulations were 
performed with an in-air 2 MBq Tc-99m point 
source. The simulations were repeated for such 
a source in the breast-mimicking phantom, as 
well. The breast phantom was a cylinder with 72 
mm in diameter and 72 mm in height (equal to 
the FOV of the scanner). The data acquisition 
was considered for 300 s. By replacing the 
loftholes with pinholes of the same geometries, 
the GATE simulations were repeated for a multi-
pinhole-collimated scanner. Figure 3 is a view of 
a multi-pinhole collimator modeled in the GATE.

 
 
 
 

 
Fig 2. 3D view, not to scale, of the SPECT scanner with eight-lofthole (right); Position of the point-source over the line S with respect 
to the collimator/detector assembly (left) 
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Fig 3. The view of the multi-pinhole collimator designed in the GATE simulator 

 

Comparison with analytical derivations 
For the pinhole, Metzler et al. [46], analytically 
derived the scattering and penetration of the 
collimator. Because the lofthole is a new version 
of pinhole, the finding of this study was 
compared with those of Metzler’s formula to 
investigate whether a pinhole-based derivation 
works well for lofthole collimators. For a fair 
comparison, we used an in-air point source with 
a problem geometry identical to Metzler’s 
assumption. Sensitivity was considered as the 
fraction of photons emitted from a point source 
reaching the detector surface. The total 
sensitivity consists of two components: (1) 
geometric and (2) penetration sensitivities. 
Geometric sensitivity is a fraction of emitted 
photons that pass through the aperture and do 
not suffer attenuation; penetration sensitivity is 
defined as the ratio of photons passing through 
the attenuating medium of the collimator to 
emitted photons. Metzler et al. [46] formulated 
these two components as follows: 

𝑆𝑔𝑒𝑜(𝜑) =
𝑑2

16ℎ2 × sin3 𝜑    (1) 

𝑆𝑝𝑒𝑛(𝜑) =
sin3 𝜑

4ℎ2�́�
 

(2+�́�𝑑)

(1+𝛾)
1
2

      (2) 

where 𝑑 is the physical diameter of the aperture, 
h is the normal distance of source to lofthole (in 

our scanner, 47 mm), and 𝜑 is 
𝜋

2
− 𝜃. Moreover, 

�́� and 𝛾 are: 

�́� =
2𝜇 tan

𝛼

2
  

(tan2𝛼

2
−cot2 𝜑) sin 𝜑

    (3) 

𝛾 =
cot2 𝜑

𝑡𝑎𝑛2(
𝛼

2
)
      (4) 

here 𝜇 is the linear attenuation coefficient of 
tungsten at 140 keV (3.39 mm-1), and 𝛼 is the 
opening angle. The total analytical sensitivity is 
obtained by summing Eqs. 1 and 2. 

 

RESULTS  

Comparison of pinhole and lofthole collimators  
Scattering and edge penetration 
Quantitative results of scattering and edge 
penetration in lofthole and pinhole apertures, 
for two radiotracers, I-123 and Tc-99m, are listed 
in Table 3. Percentage edge penetration and 
scattering are estimated in terms of fractions 
with respect to the total count. Also, the ratio of 
total detected photons to emitted photons is 
reported as sensitivity.  

 

Table 3. Comparison scattering, penetration (as a percent of the total detected photon), and sensitivity in lofthole and pinhole 
collimators for two radiotracers 

 
Tc-99m I-123 

Lofthole Pinhole Lofthole Pinhole 

Scattering (%) 0.1211 0.1272 0.21 0.24 

Penetration (%) 14.00 14.59 21.07 21.12 

Sensitivity (%) 0.030 0.023 0.028 0.022 

 
 
Angular distribution of scattering and 
penetration  
In Figure 4, the total GATE MC simulated in-air 
sensitivity for the Tc-99m point source is 

compared to the theoretical formula (Metzler’s 
derivation) as a function of the angle of 
incidence photon.  
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Figure 5 plots the sensitivity components 
obtained from in-air Tc-99m point source for 
various angles. In the graph, geometric 
sensitivity has been calculated as the ratio of the 
direct photons to emitted ones extracted from 
the GATE simulation. Likewise, penetration 
sensitivity has been defined as the ratio of 
penetrated photons to emitted ones. 
Figure 6 shows the percentage scatter fraction as 
a function of the angle of incidence photon (𝜃) 

using GATE simulations for multi-lofthole and 
multi-pinhole collimators. The collimator scatter 
was obtained from the ROOT output for the in-
air Tc-99m point source. 
Figure 7 manifests the collimator penetration 
fraction and total sensitivity in percent as a 
function of the angle of incidence photon (𝜃) for 
in-air as well as in-phantom 2 MBq Tc-99m point 
source. 

 
 

 
Fig 4. Comparison of theoretical and simulated total sensitivity as a function of the angle of the incidence photon (Ɵ) 

 
  
 
 

 
Fig 5. System sensitivity, geometric sensitivity, penetration sensitivity as a function of angle of incidence photon (Ɵ) in multi-lofthole 
collimator for Tc-99m tracer 
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Fig 6. In-air scatter fraction for lofthole and pinhole as a function of angle of incidence photon (θ) for Tc-99m SPECT 

 
 
 

 
Fig 7. In-air and in-phantom collimator penetration fraction (left) and total sensitivity (right) as a function of angle of incidence 
photon (θ) for the lofthole and pinhole collimations 

 
 

DISCUSSION 

According to Table 3, penetration and scattering 
for I-123 are considerably higher than those of 
Tc-99m for both collimators. Penetration is 
21.07% of the total counts for I-123 SPECT with 
lofthole collimation. The corresponding value for 
pinhole SPECT is 21.12%. When Tc-99m is used, 
penetration is 14% and 14.59% of the total 
detected photons in lofthole and pinhole 
collimators, respectively. Referring to Table 3, 
the sensitivity is higher for both radiotracers 
with lofthole collimation compared to the 
pinhole aperture.  
As listed in Table 3, the scattering and 
penetration of the lofthole are lower than those 
of the pinhole. For example, in Tc-99m pinhole 
SPECT, penetration and scattering are about 4% 
higher than in the lofthole collimator. This is 

mainly due to the shape of the lofthole exit. 
Compared to the Tc-99m, I-123 SPECT suffers 
from approximately 1.5- and 1.42-fold higher 
penetration and scatter fraction, respectively, 
for the lofthole aperture. This is because of the 
higher energy of I-123 compared to Tc-99m. 
Furthermore, the system sensitivity is higher 
using the lofthole collimator [29, 46-48]. For 
instance, the sensitivity of the pinhole is about 
27% lower than that of the lofthole in I-123 
SPECT. As previously mentioned, due to the 
rectangular projections of the lofthole 
collimator, 100% of the detector surface can be 
covered resulting in higher sensitivity. The 
sensitivity decreases with increasing the photon 
energy from 140 keV to 159 keV (0.03% versus 
0.028% for lofthole). The reason can be 
explained that by increasing the energy, the 
contribution of scattered and penetrated 
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photons also increases while the contribution of 
direct photons decreases mainly due to the 
lower detection efficiency of NaI (Tl) crystal in 
higher energies. For example, the ratio of 
penetrated photons to the direct ones is 34% for 
I-123 while this value was 19% for Tc-99m.  
According to Figure 4, both simulated and 
analytical sensitivity depends on the angle of 
incidence photon. Thus, the sensitivity for the 0° 
incidence angle is about 29% higher than that of 
the 27° incidence angle in the multi-lofthole. In 
Figure 5, all three sensitivity components 
decrease with increasing the angle of incidence. 
For instance, the total sensitivity at θ equal to 0° 
is 0.23%, whereas the corresponding value at 27° 
is 0.16%. At angles 0° and 27°, the magnitudes of 
geometric sensitivity are 0.16% and 0.12% and 
corresponding values for penetration sensitivity 
are 0.033% and 0.021%, respectively. 
Referring to Figure 4, the findings of this study 
confirm that Metzler’s model works well for 
lofthole collimators with a relative error of less 
than 5% at all angles. The main origin of such 
difference is that in Metzler’s formula, a perfect 
detector (with a detection efficiency of 100%) 
has been assumed, while a realistic detector is 
considered in this work. By increasing the 
photon incidence angle, the total sensitivity 
decreases, which is mostly due to the reduction 
of scattering and penetration components. As 
can be seen in Figure 5, the total sensitivity at a 
perpendicular angle (Ɵ equal 0°) is higher than 
the total sensitivity at 27°, due to the greater 
contribution of penetrated photons. 
Figures 6 and 7 show the angular dependence of 
the scattering and the penetration for in-air 
point source simulation, respectively. It can be 
seen that increasing the angle (i.e., 𝜃) leads to a 
reduction in the collimator scattering and 
penetration, which results in a decreased total 
sensitivity. This situation is also observed for the 
pinhole, but with a difference that the amount 
of scattering and penetration is higher, and the 
sensitivity is lower at all angles. As mentioned, 
this is due to the shape of the lofthole exit. 
According to Figures 6 and 7, the scattering and 
penetration fractions increased between the 
angles of 2 to 10 degrees. In this angular interval, 
the probability of penetration and scattering is 
slightly increased as the source is not face-to-
face with the hole and therefore the source sees 
mostly the edges than the holes. For this reason, 
the contribution of penetrated (and/or 
scattered) photons is more pronounced than 
that of direct photons. Further increasing the 
angle (> 10°), the average path length of photons 

through the lofthole/pinhole material (both the 
edges and body) increases, thus reducing the 
probability of detection of a 
penetrated/scattered photon.  
Compared to the in-air case, detected 
penetration is approximately 16% lower than for 
in-phantom simulation at all angles. For 
example, penetrated photons at an angle of 0° 
are about 14% for in-air source, while the 
corresponding value is 12% for in-phantom 
source. As shown in Figure 7, breast phantom 
results in lower sensitivity, the reason is the 
attenuation of the originally emitted photons. 
The results also show that simulation with an in-
phantom source leads to a primary count of 
about 72% while this value is 85.36% for an in-air 
source. The reason for the reduction is a 15% 
scattered photon in the breast phantom. 

CONCLUSION 

In this study, as a first report on the topic, 
lofthole collimator scattering and penetration 
have been characterized using MC simulation. 
Our results confirm that the lofthole collimator 
provides superior performance not only in terms 
of system sensitivity but also in terms of 
scattering and penetration compared to the 
pinhole. Higher energy SPECT imaging 
automatically leads to inferior performance for 
both collimators but to a lower extent for the 
lofthole. In addition, the existing pinhole-based 
derivation for quantification of collimator 
scattering and perpetration is still valid for the 
lofthole collimator, as well.  Future work is 
investigating image-based metrics for pinhole 
and lofthole collimators for both low- and high-
energy SPECT.  
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