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In single-photon-emission computed tomography (SPECT) with a pixelated semiconductor detector 

(PSD), not only pinhole collimators but also parallel-hole collimators are often used in preclinical 

nuclear-medicine imaging systems. The purpose of this study was to evaluate and compare pinhole and 

parallel-hole collimators in a PSD. For that purpose, we paired a PID 350 (Ajat Oy Ltd., Finland) CdTe 

PSD with each of the four collimators most frequently used in preclinical nuclear medicine: (1) a pinhole 

collimator, and (2) low-energy high-resolution (LEHR), (3) low-energy general-purpose (LEGP), and (4) 

low-energy high-sensitivity (LEHS) parallel-hole collimators. The sensitivity and spatial resolution of each 

collimator was evaluated using a point source and a hot-rod phantom. The highest sensitivity was achieved 

using LEHS, followed by LEGP, LEHR, and pinhole. Also, at a source-to-collimator distance of 2 cm, 

the spatial resolution was 1.63, 2.05, 2.79, and 3.45 mm using pinhole, LEHR, LEGP, and LEHS, 

respectively. The reconstructed hot-rod phantom images showed that the pinhole collimator and the LEHR 

parallel-hole collimator give a fine spatial resolution for preclinical SPECT with PSD. In conclusion, we 

successfully compared different types of collimators for a preclinical pixelated semiconductor SPECT 

system.
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I. INTRODUCTION

A conventional single-photon-emission computed tomography 

(SPECT) system is most often based on the Anger camera 

principle, using a collimator in front of a NaI(Tl) or CsI(Tl) 

scintillation crystal [1]. However, the intrinsic resolution of 

a scintillation detector is relatively low (approximately 3.0-4.0 

mm full width at half maximum (FWHM)) [2]. One strategy 

to cope with this low intrinsic resolution is to use a pixelated 

semiconductor detector (PSD) employing cadmium telluride 

(CdTe) or cadmium zinc telluride (CZT) [3-7]. The intrinsic 

resolution of a PSD is almost equal to the pixel size, because 

the carriers are collected individually for each pixel, with 

direct conversion of gamma-ray photons into electrons [4].

In SPECT, the collimator is an essential component of 

the system, because the imaging performance (including sensiti-

vity and spatial resolution) depends mainly on the collimator 

[8]. Collimators types are generally classified as parallel-hole, 

pinhole, converging, and diverging. Almost all preclinical 

SPECT is performed with a pinhole or a parallel-hole collimator. 

The pinhole collimator has been widely used for preclinical 

SPECT systems because of its excellent spatial resolution 

[9-11]. A pinhole collimator can be very useful in preclinical 

research where a small organ, such as the thyroid or parathyroid 

gland, is imaged [12, 13]. Also, nearly all preclinical SPECT 

systems use a parallel-hole collimator as the image-forming 
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FIG. 1. Schematic diagram of collimator geometry, including 

physical parameters such as collimator hole diameter, length, 

and septal thickness.

        (a)                (b)

FIG. 2. Schematic descriptions of (a) pinhole and (b) 

parallel-hole collimators.

aperture. Parallel-hole collimators are generally desirable 

for almost all imaging applications in nuclear medicine, due 

to the optimal image performance offered by such a dense 

arrangement of apertures. Although we need to select a 

collimator to obtain appropriate image performance and accurate 

analysis results, there have been no comparative studies on 

image performance with various collimators in preclinical 

pixelated semiconductor SPECT systems. Therefore, in this 

study we compared the imaging performance of a pinhole 

and three types of parallel-hole collimators (low-energy 

high-resolution (LEHR), low-energy general-purpose (LEGP), 

and low-energy high-sensitivity (LEHS)) in a preclinical 

pixelated semiconductor SPECT system, using a GEANT4 

Application for Tomographic Emission (GATE) simulation.

The collimators were simulated with a PID 350 (Ajat Oy 

Ltd., Finland) CdTe PSD using a GATE. The sensitivity and 

spatial resolution were evaluated for each source-to-collimator 

distance. To evaluate the overall imaging performance, a 

hot-rod phantom was designed using GATE. The simulated 

comparison results obtained for various collimators are presented 

and discussed.

 

II. METHODS

2.1. Monte Carlo simulation

Monte Carlo simulation, a statistical technique using random 

processes, is a crucial tool in studying the effects of various 

system parameters and components in the field of nuclear 

medicine. GATE is a widely used Monte Carlo simulation 

platform, with general-purpose code Geant4 and advanced 

open-source software developed by the international OpenGATE 

collaboration in 2001 [14]. The accuracy, usefulness, and 

effectiveness of this platform have been confirmed in many 

studies [14-17]. In this study, we used GATE version 6.

2.2. PID 350 CdTe PSD

Among available semiconductor detectors, those with a 

single chemical element, such as silicon (Si) or germanium 

(Ge), are most frequently used in nuclear medicine [18,19]. 

However, the low atomic number of Si leads to low absorption 

efficiency, due to low stopping power for high-energy 

gamma-ray photons, and Ge has major limitations, such as 

a narrow band-gap energy which is useful only at cryogenic 

temperatures [20, 21]. Consequently, many nuclear- medicine 

studies have used pixelated semiconductor materials with 

wide band gaps, such as CdTe. CdTe pixelated semiconductor 

materials have been studied for their applications in nuclear-

medicine imaging. The useful properties of CdTe include 

its wide band gap, high atomic number, and good charge 

transport [22-24].

We modeled the PID 350 CdTe PSD geometry using the 

tool within GATE. The pixel size of the PID 350 CdTe PSD 

was 0.35 × 0.35 mm
2
, with an array of 128 × 128 pixels. 

The detector thickness was 1 mm, and the physical gap 

was 1 pixel. The CdTe PSD had 32% efficiency at a gamma-ray 

energy of 140 keV (wavelength 10
-12

 m). 

2.3. Pinhole and Three Parallel-hole Collimators

In gamma-ray imaging, collimators play an important role 

in imaging performance, including spatial resolution and 

sensitivity. To determine spatial resolution and sensitivity, 

we should consider a collimator’s physical parameters: hole 

diameter, length, and septal thickness. Figure 1 shows a 

schematic diagram of collimator geometry. As collimator 

hole diameter and hole length increase, we realize high 

sensitivity but low spatial resolution. Also, as septal thickness 

and septal length increase, high spatial resolution can be 

obtained through the narrow point-spread function (PSF) or 

line-spread function (LSF). 

We designed four preclinical collimators: pinhole, LEHR 

parallel-hole, LEGP parallel-hole, and LEHS parallel-hole. 

A previous paper demonstrated that the reconstructed hot-rod 

phantom images employing the most frequently used collimator 
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TABLE 1. Specifications of the parallel-hole collimators

LEHR LEGP LEHS

Hole diameter (mm) 1.2 1.6 2

Length (mm) 30 25.4 25.4

Septal thickness (mm) 0.2 0.25 0.3

FIG. 3. Hot-rod phantom diagram. This phantom consisted of 

seven areas with rods of varying diameters (1.0, 1.5, 2.0, 3.0, 

4.0, 5.0, and 7.0 mm) that can be filled with activity. 

Activities were 30, 55, 90, 135, 180, 280, and 445 kBq, 

respectively.

materials (lead, tungsten, gold, and depleted uranium) were 

difficult to distinguish accurately [5]. Based on this result, 

tungsten offers a spatial resolution similar to those of the 

much more expensive gold and depleted uranium, so we 

considered a tungsten collimator in this study. Figure 2 

shows the cross-sectional views for the pinhole and parallel-

hole collimators.

In a pinhole collimator system, the efficiency ε pinhole and 

resolution Rpinhole of the collimator were defined as follows 

[12]:

                           (1)

                            (2)

where aeffectiveefficiency is the effective pinhole diameter for 

sensitivity, θ  is the angle between the source and detector 

center lines, bpinhole is the source-to-pinhole collimator distance, 

a is the pinhole diameter, µ is the linear attenuation coefficient, 

α  is the aperture angle of the collimator, aeffectiveresolution is 

the effective pinhole diameter for resolution, and l is the 

distance from the pinhole aperture to the detector surface. 

We designed the pinhole collimator using a GATE simulation. 

The aperture angle was 50°, and the pinhole was 1.2 mm 

in diameter. In this study the magnification factor of the 

pinhole collimator was 3.0, due to the ratios of the distances 

among source, collimator, and detector. 

In a parallel-hole collimator system, the efficiency ε -hole 

and resolution R-hole of the collimator were defined as follows 

[2, 8]: 

(3)

(4)

where K is a constant that depends on the hole shape, d is 

the hole diameter, t is the septal thickness, heffective is the 

effective length of the collimator, h is the length of the 

collimator, and b-hole is the source-to-collimator distance. We 

designed the three types of parallel-hole collimators (LEHR, 

LEGP, and LEHS parallel-hole collimators) also using 

GATE simulations. The specifications of these parallel-hole 

collimators are shown in Table 1.

2.4. Evaluation of Imaging Performance

To compare and evaluate the performance of the gamma- 

camera systems, we evaluated both sensitivity and spatial 

resolution. We used a 
99m

Tc point source with an activity 

of 1 MBq, with a 900-second scan time. Energy discrimination 

was applied to the 20% symmetrical energy window. The 

number of projections was 90 over 360°, and the data acquisition 

time was 10 seconds per view. Images were reconstructed 

using the ordered subsets-expectation maximization (OSEM) 

method. We used four subsets with five iterations. The evaluated 

sensitivity was represented in counts per second per kBq 

(cps/kBq). Spatial resolution was represented by the FWHM, 

using a PSF in air. 

To reduce statistical errors, ten simulations were performed 

for each source-to-collimator distance. The standard deviation 

σ  was calculated as follows:

(5)

where n is the number of measurements taken (here 10), 

Ni is the datum from each measurement, and  is the average 

of the data.

Finally, to evaluate overall imaging performance, hot-rod 

phantom images were generated in a GATE simulation, 

consisting of seven areas with rods of varying diameters 

that could be filled with activity. This phantom was filled 

with a water solution of 
99m

Tc. Figure 3 shows the hot-rod 

phantom diagram.



Journal of the Optical Society of Korea, Vol. 20, No. 6, December 2016666

FIG. 4. Simulation results for the sensitivity with respect to 

the source-to-collimator distance, for a pinhole collimator 

and three parallel-hole collimators.

FIG. 5. Comparison of simulation results for the sensitivity at 

2 cm source-to-collimator distance. The results are normalized 

with respect to the sensitivity obtained with a LEHS 

parallel-hole collimator.

FIG. 6. Simulation results for the spatial resolution with 

respect to the source-to-collimator distance, for a pinhole 

collimator and three parallel-hole collimators.

FIG. 7. Comparison of simulation results for the spatial 

resolution at 2 cm source-to-collimator distance. The results 

are normalized with respect to the spatial resolution obtained 

with a pinhole collimator.

The distances between the point source or hot-rod phantom 

and collimator were 1, 2, 3, 4, and 5 cm for preclinical 

imaging.

III. RESULTS AND DISCUSSION

The sensitivity of the parallel-hole collimator is independent 

of the distance of the object from the collimator, in all 

cases. The average sensitivities for each source-to-collimator 

distance and collimator are shown in Fig. 4. A comparison 

of the sensitivities of the four types of collimators is shown 

in Fig. 5. The average sensitivities for the LEHR, LEGP, 

and LEHS parallel-hole collimators are 0.09247, 0.23441, 

and 0.36773 cps/kBq respectively. Meanwhile, the sensitivity 

for the pinhole collimator at a source-to-collimator distance 

of 2 cm is 0.00393 cps/kBq. In increasing order, the sensitivity 

rises from pinhole to LEHR parallel-hole to LEGP parallel-

hole to LEHS parallel-hole collimator. When we compare 

the LEHS parallel-hole collimator to the others, the sensitivity 

of the LEHS is respectively 3.98, 1.57, and 93.57 times as 

high as that of the LEHR, LEGP, and pinhole collimators.

The spatial resolutions of the parallel-hole collimators decrease 

with increasing distance from the collimator; thus the spatial 

resolution will be best when the object is closest to the 

parallel-hole collimator, in all cases. The average spatial 

resolution for each source-to-collimator distance and collimator 

is shown in Fig. 6. A comparison of the spatial resolution 

with respect to the four types of collimators is shown in 

Fig. 7. At a source-to-collimator distance of 2 cm, the spatial 

resolution increases in order from pinhole to LEHR to LEGP 

to LEHS parallel-hole collimator. According to these results, 

the average spatial resolution using the pinhole collimator 

was respectively 20.49, 41.58, and 52.75% better than with 

LEHR, LEGP, and LEHS parallel-hole collimators. In our 

system, the spatial resolution of images with either pinhole 
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(a)

(b)

(c)

(d)

(e)

FIG. 8. Reconstructed images of the hot-rod phantom for a 

pinhole collimator and three parallel-hole collimators, for 

source-to-collimator distance of (a) 1, (b) 2, (c) 3, (d) 4, and 

(e) 5 cm.

or LEHR parallel-hole collimator was 2.0 mm or less at 2 

cm source-to-collimator distance, while the other parallel-hole 

collimators provided about 3.0 mm.

Finally, reconstructed images of the simulated hot-rod 

phantoms for each source-to-collimator distance are shown 

in Fig. 8. The 2.0 mm rods were clearly resolved using 

the LEHR parallel-hole collimator at 1 and 2 cm from the 

collimator, or using the pinhole collimator. Additionally, 

overall imaging performance in the reconstructed hot-rod 

phantom images were in close agreement with the experimental 

average spatial resolutions.

Imaging performance, such as sensitivity and spatial resolution, 

is determined by a relationship between the direction of 

the detection point and the emitted gamma ray [25]. For a 

given total irradiation time, a high-sensitivity collimator such 

as an LEHScan acquire more counts, because this collimator 

has wide holes. However, it is increasingly realized that the 

quality of the counts is important, so the recommendation 

is generally against using a high-sensitivity collimator in 

this situation. Thus, the choice of high-resolution collimator, 

such as an LEHR parallel-hole or pinhole collimator, is against 

using a high-sensitivity collimator. The use of a highresolution 

collimator is recommended for a gamma-camera system, 

unless conditions suggest that unacceptably low count levels 

would occur. Consequently, the trade-off between sensitivity 

and spatial resolution remains a fundamental consideration 

for the type of collimator to obtain optimal imaging perfor-

mance. The results of this study will be especially helpful 

in choosing a collimator in different situations.

IV. CONCLUSION

In the field of nuclear medicine, we recommend applying 

a PSD to improve both sensitivity and spatial resolution. A 

collimator study with a preclinical PSD by means of GATE 

simulation has been performed. We have presented a comparison 

of results for pinhole, LEHR parallel-hole, LEGP parallel- 

hole, and LEHS parallel-hole collimators in a preclinical 

pixelated semiconductor SPECT system. We also evaluated 

and compared the abovementioned collimators.

This study offers information for the choice of appropriate 

collimators for various purposes. According to the results, 

although parallel-hole collimators are often used in preclinical 

imaging, a pinhole collimator should be used to obtain images 

with high spatial resolution. Based on these results, we need 

to consider various types of collimators to obtain higher 

performance from the imaging system.
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