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Abstract

Original Article

Introduction

The fields of nuclear medicine technology provide valuable 
insights into both functional and anatomical aspects of 
physiological processes. This has led to an increased recognition 
of its significance in the diagnostic imaging field.[1-4]

Nuclear medicine imaging has two primary types of devices: 
positron emission tomography (PET), without photon 
collimating, and single-photon emission computed tomography 
(SPECT) or the gamma camera with photon collimating. 
The gamma camera, or SPECT, generally employs a mono-
energetic gamma source, such as the widely used99 mTc (half-
life of 6.02 h and 140 keV photon energy peak).[5-8] NaI (Tl) 
scintillation camera detectors and traditional or recently created 
semiconductor detectors made of silicon (Si) or germanium 
(Ge) are frequently utilized in the field of nuclear medicine. 
However, both typical Si and Ge semiconductor and NaI 
(Tl) scintillation detectors have drawbacks due to their low 
detection efficiencies and their low intrinsic resolution. Si 

and Ge semiconductors are expensive and need more cooling 
systems as well.[9-11] In recent years, to overcome these 
limitations, cadmium telluride (CdTe) and cadmium zinc 
telluride (CZT) semiconductor detectors were developed. 
These detectors do not require any cooling devices that can 
detect gamma rays at room temperatures. The main benefits of 
CZT and CdTe detectors include around 3%–6% better energy 
resolution in the case of 99 mTc (140 keV photon energy peak), 
high sensitivity resulting from their high detection and counting 
efficiency, and their good spatial resolution due to the intrinsic 
resolution being equivalent to the pixel size.[12-21]

In this context, by including CZT and CdTe semiconductor 
detectors, gamma cameras can solve and enhance the 
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embedded image quality restrictions (such as sensitivity and 
spatial resolution) for traditional gamma cameras using NaI 
(TI) scintillation detectors and Si or Ge semiconductors.

Collimators are essential in nuclear medicine imaging 
through two different ways when used them in gamma 
cameras or SPECT systems. First, they selectively absorb 
emitted gamma rays from the body to create the imaging, 
making it crucial to determine the direction of gamma rays. 
Second, by employing collimators, gamma cameras can 
eliminate scattered photons and mispositioned gamma rays. 
Thus, gamma cameras carry out a selective absorption for 
incoming photons. For these factors, the design of collimators 
has a significant impact on the image quality, including 
sensitivity and spatial resolution.[22-27] Pinhole collimators 
with a specific geometry can be employed in preclinical 
gamma camera systems to obtain a better spatial resolution 
and magnification effects, especially with detectors based on 
CZT or CdTe semiconductor materials. The magnification 
effects have a direct effect on intrinsic resolution, which 
makes pinhole collimators suitable for small objects like 
the thyroid. Furthermore, the sensitivity of pinhole imaging 
systems is improved as the pinhole’s distance from the object 
being imaged is reduced.[28,29] However, a major limitation 
of pinhole collimators is their reduced sensitivity. As the 
collimator hole size is small, enhancing spatial resolution leads 
to a loss of sensitivity in the system.[30,31] Thus, it is crucial to 
achieve optimized image quality that produces an acceptable 
compromise between spatial resolution and sensitivity.

To achieve this investigation, a Geant4 Application for 
Tomographic Emission (GATE) simulation is conducted 
to assess spatial resolution and sensitivity using a PID 
350 (AjatOy Ltd., Finland) CdTe semiconductor detector. 
Moreover, the system is optimized using a pinhole collimator 
and that simulated detector through varying the pinhole 
collimator diameters and magnification factors. Finally, a 
simulated phantom was designed to confirm the overall image 
performance.

Materials and Methods

To evaluate the impact of the magnification factor and 
pinhole diameter on image quality, Monte Carlo simulations 
were carried out using GATE 9.1 (GEANT4 Application for 
Tomographic Emission) is an open-source toolkit based on 
the Geant4 (GEometry ANd Tracking) platform for Monte 
Carlo simulations in medical imaging and radiotherapy. The 
OpenGATE collaboration institutions (laboratories, companies, 
and medical centers) are in Lyon, France. (Available from: 
http://www.opengatecollaboration.org/). GATE is built by 
the native GEANT4 code and is well-dedicated for modeling 
nuclear medicine systems such as planar gamma cameras, 
SPECT, and PET.[32-37]

Using the GATE tool, a PID 350 CdTe semiconductor detector 
was simulated in this work. The employed CdTe semiconductor 
detector had a thickness of 3 mm, a total size of 44.8 mm × 

44.8 mm, pixel sizes of 0.35 mm × 0.35 mm, and a matrix size 
of 128 × 128. At a gamma photon energy of 99 mTc (140 keV), 
the counting efficiency and density of a 3  mm thick CdTe 
and Si semiconductor, and NaI (TI) scintillation detectors 
are illustrated in Table 1. The 76% counting efficiency of the 
3 mm thick CdTe semiconductor detector was demonstrated 
to be better. In comparison to Si semiconductors and NaI (TI) 
scintillation detectors, the efficiency of CdTe semiconductors 
was 7.6 and 1.4 times greater, respectively. Due to their high 
density and atomic number, CdTe semiconductor detectors are 
more efficient than other detectors.[38]

The pinhole collimator is a single-aperture, cone-shaped 
instrument that is typically made of heavy materials like 
lead or tungsten because of its low cost and suitable 
stiffness. In recent times, many studies have been carried 
out on alternative collimator materials, such as uranium and 
gold. However, their high manufacturing costs and limited 
availability make them less practical options.[39-41] Therefore, 
in this study, tungsten is nominated as the material for the 
pinhole collimator.

Figure 1 presents a diagram of the pinhole collimator for this 
simulation. This simulation involved three different source-
to-aperture distances, specifically 5, 10, and 15  cm, while 
maintaining a fixed aperture-to-detector distance of 30 cm. 
The pinhole’s diameter ranged from 0.2 up to 2 mm, and the 
acceptance angle of the pinhole collimator was set at 51°. 
The following formulas were used to determine the system’s 
geometric efficiency or sensitivity (g) and spatial resolution 
Rsystem:[42]

Table 1: The density and counting efficiency at 140 keV 
gamma photon energy of 3 mm‑thick materials for 
various detectors

Materials CdTe Silicon NaI (TI)
Counting efficiency (%) 76 10 54.3
Density (g/cm3) 5.85 2.33 3.67
CdTe: Cadmium telluride

Figure 1: Pinhole collimator diagram for this work



Ghoneim: A simulation study for optimal pinhole collimator design in gamma camera systems

Journal of Medical Physics  ¦  Volume 49  ¦  Issue 4  ¦  October-December 2024650

( )2 2= +system intrinsic collimatorR R R � (1)

=intrinsic
pixelsizeR

magnificationfactor � (2)

2= +
  

    effectived d d tan
2
θ

µ
� (3)

( )+
= effective

collimator

d a b
R

a
� (4)

2 3

2=
16

effectived cos
g

b
θ � (5)

where, Rintrinsic is the intrinsic resolution of the detector, Rcollimator 
is the resolution of collimator, (a) is the pinhole aperture-
to-the detector distance, (b) is the distance from the source 
to collimator’s aperture, deffective is the effective diameter of 
the pinhole, (d) is the pinhole diameter, (µ) is the linear 
attenuation coefficient of the pinhole collimator material, 
and (θ) is the acceptance angle of the pinhole aperture. The 
calculation for the magnification factor is a/b. Rintrinsic was 
0.35 mm in this work. The effective diameter of the pinhole 
deffective is a little bigger than the actual diameter (d), due to the 
gamma rays penetrating the aperture’s edges.[43] According to 
Eq. (3), the pinhole’s effective diameter is dependent on the 
pinhole aperture’s acceptance angle as well as the material of 
the pinhole (the linear attenuation coefficient). The effective 
pinhole diameter increases as the linear attenuation coefficient 
decreases and the acceptance angle increases.[44] Therefore, the 
system resolution and sensitivity are significantly impacted by 
these parameters.

A hot rod phantom was simulated to verify the image 
performance, as depicted in Figure 2. The phantom had six 
rod-shaped areas, each having different diameters and filled 
with a different activity of 99 mTc [All were written on the 
diagram in Figure 2]. A water solution of 99 mTc was used to 
fill the phantom. The phantom included different diameters: a 
small rod to mimic the small organs sizes (e.g., in neurologic 
applications and brain imaging, spatial resolution is below 
1 mm) and a large one to represent the organs’ greater size 
(e.g.,  in thyroid nodules, imaging is 2–3 mm in size).[45,46] 
Phantom activities were chosen to assess the system sensitivity 
as the animal organs have different responses to radioactive 
material.

In this work, the image spatial resolution and sensitivity were 
estimated to evaluate the performance of proposed pinhole 
systems. A  99 mTc point source was used to assess image 
performance, with an activity of 1 MBq and an acquisition 
time of 900 s. For each of magnification factors 2, 3, and 6, 
the pinhole collimator’s diameter was changed by increments 
of 0.2 mm up to a maximum of 2 mm. Counts per second per 
kBq (cps/kBq) were used to measure the sensitivity, and the 
Full Width at Half Maximum (FWHM) of the point spread 

Figure 2: Phantom diagram for this study

Figure 3: Estimated spatial resolutions with collimator diameters for three 
different magnification factors

Figure  4: Estimated sensitivities with collimator diameters for three 
different magnification factors
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function was used to calculate the spatial resolution. Finally, 
trade-off curves were plotted to optimize the collimating 
system’s design, which expresses the relationship between 
sensitivity and spatial resolution, considering the magnification 
factors and the pinhole’s aperture diameters. The source-to-
aperture distance is changeable in pinhole collimators, while 
the aperture-to-detector distance remains constant. To obtain 
a better magnification factor, the source-to-aperture distance 
should be small. Thus, the choice of 2, 4, and 6 cm is acceptable 
and variable to assess the most of quality control tests.[47]

Results and Discussion

The spatial resolution and sensitivity were evaluated by 
varying the collimator diameters for each magnification factor 
(2, 3, and 6), and then the results were plotted, as shown in 
Figures 3 and 4.

Figure 3 shows a gradual increase (e. g., from 0.2 to 2.41 mm 
with a 6 magnification factor with uncertainty ranging from 
1.3 × 10−3 to 0.024 mm, respectively) in spatial resolution or 
FWHM with a pinhole diameter for all magnification factors. 
Figure  4 shows an improvement (e. g., from 0.02 to 2.37 
counts/s KBq with a 6 magnification factor with uncertainty 
ranging from 3.4 × 10−3 to 0.012 counts/s KBq, respectively) 
in the measured sensitivity with a pinhole diameter for all 
magnification factors. The increase in the spatial resolution 
with a pinhole diameter can be attributed to the increase in field 
of view (acceptance angle) and the number of counted photons 
falling within the detector. According to Equations (3 and 4), 
the effective diameter of the pinhole increases as its acceptance 
angle increases. Gamma rays that reach the detector then rise. 
Thus, resolution of the system increases. In addition, Equation 
(5) shows that the geometric efficiency or sensitivity of the 
system is directly affected by the effective diameters as well. 
As a result, the system becomes more sensitive as the effective 

diameter increases. The results revealed that as magnification 
factors increased, both spatial resolution and sensitivity 
improved. A high value of the magnification factor means, at 
a stable aperture-to-detector distance, a decrease in the source-
to-aperture distance. This leads to better spatial resolution and 
geometric efficiency. The effect of the magnification factor on 
spatial resolution was provided by Williams et al.[47] However, 
since most typical gamma camera systems employ collimators, 
obtaining high sensitivity and high spatial resolution 
simultaneously is difficult. For instance, in cardiac studies, the 
acquisition time typically takes 20 min. This is a comparatively 
long acquisition time and requires the use of highly sensitive 
collimators. However, the use of highly sensitive collimators 
in cardiac acquisitions causes a degradation in spatial 
resolution. Therefore, trade-off curves are plotted in Figure 5 
between spatial resolution and sensitivity as a function of 
pinhole diameter to identify the optimal pinhole design (using 
different collimator diameters and a fixed magnification 
factor). In general, pinhole collimators come with multiple 
pinhole inserts with different diameters. Smaller-diameter 
holes provide better resolution. For the clinical applications, 
Connolly et al. illustrated that the pinholes of 2–3-mm diameter 
provide images of 100–300 kcounts with better anatomic detail 
for a child’s acquisition.[48] A further reduction in pinhole 
diameter would result in improved resolution that is clinically 
significant.

Based on the graph in Figure 5, the observations revealed that 
the optimum pinhole diameter was around 1.38 ± 0.081 mm 
(This value was obtained using the standard deviation of 
the mean of the intersection points of the trade-off between 

Figure  5: Optimal pinhole diameter based on spatial resolution and 
sensitivity for each magnification factor 6, 3, and 2 (graphs of factors 3 
and 2 not shown)

Figure  6: The obtained phantom images of hot rods (with different 
magnification factors and pinhole collimator diameters)
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the sensitivity and spatial resolution graphs shown above), 
regardless of magnification factor variations. A  similar 
behavior was reported by Song et al.:[49] the trade-off curves 
of sensitivity and spatial resolution approximated as a function 
of the pinhole diameter. In their analysis, they found that the 
optimal range for pinhole diameter was between 1 and 1.5 mm 
for the system configuration.

Figure 6 shows the hot rod phantom images that have been used 
to verify the overall image performance. Pinhole collimator 
diameters of 1.6, 1.0 and 0.4 mm, with magnification factors of 
6, 3 and 2 were applied to acquire phantom images. As a result 
of this study, at all magnification factors, all rods with diameters 
of 0.85, 1.2, 1.5, 1.8, and 2.1 mm were resolvable. However, 
there are differences in spatial resolution and sensitivity 
as the pinhole diameter changes. Sensitivity improved as 
pinhole diameter increased, while spatial resolution degraded. 
By increasing the diameter of the pinhole, the geometric 
efficiency can be increased. However, the pinhole collimator 
resolution degrades due to the increased effective pinhole 
diameter. Therefore, determining the pinhole diameter requires 
compromises between spatial resolution and sensitivity. When 
the pinhole diameter was 0.4 mm and the magnification factor 
was 6, the smallest 0.5 mm rods were resolved. These phantom 
results indicated that the spatial resolution of the phantom 
image and our suggested system are the same.

Conclusion

Using a GATE simulation, a dedicated pinhole collimator 
was developed for gamma camera systems with a CdTe 
semiconductor detector. Sensitivity and spatial resolution 
were measured by verifying magnification factors and pinhole 
diameters. Finally, a hot rod phantom was employed to estimate 
the general image quality and performance. The results 
demonstrated that the best image performance was acquired 
with a pinhole diameter of approximately 1.38 ± 0.081 mm 
at all magnification factors, providing a good compromise 
between spatial resolution and sensitivity for our proposed 
system.
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