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Short Running Title: PSF improvement in nuclear medicine by collimator configuration 

 

 

 

Highlights 

 New configuration of parallel collimators is presented as geometrical combination to improve PSF. 

 By raising scattering γ rays, the PSF was converted from delta function to Gaussian distribution. 

 By increasing energy, the PSF was more broadened because of more penetration strength. 

 The CCS collimator led to better resolution compared to the PC one in detecting smaller lesions. 

 

Summary  

 

What is already known about this subject? 

The Parallel Hole Collimators (PCs) are the most common case used in SPECT based on sensitivity 

and resolution. Here a novel geometric combination of conical, cylindrical and spherical (CCS) 

volumes is proposed to improve the full width at half maximum (FWHM) of the point spread function 

(PSF).  

What are the new findings? 

The simulation findings revealed that the PSF in the CCS configuration is narrower than that of the 

cylindrical one for all energies, in order to improve the resolution when differentiating smaller 

lesions.  

How might it impact on clinical practice in the foreseeable future? 

By optimizing the collimators used in nuclear medicine, unwanted gamma rays are eliminated and the 

signal-to-noise ratio is augmented. 

 

mailto:abkhorshidi@yahoo.com
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ABSTRACT 

Objective: The collimators in which the various geometrical configurations have been suggested to 

optimize the sensitivity and resolution have a key role in acquiring the qualified images in nuclear 

medicine towards a better recognition of some diseases.  

Methods: In this study, a new configuration as a geometrical combination of the conical, cylindrical 

and spherical (CCS) volumes for parallel hole collimators which is assessed by using the volumetric-

parametric method has been introduced to improve point spread function (PSF) being the collimators 

response on the radioactive point source. It has been simulated by the MCNPX code at the various 

energies values of the point source along with the traditional collimator in which included the 

cylindrical volume only.  

Results: The PSF will transmogrify from a delta function to a distribution which can correlate with a 

Gaussian distribution, while the scattered gamma rays were increased. The simulation results have 

indicated that the PSF in the CCS configuration is narrower than that of the cylindrical one at all the 

energies, leading the improvement of the resolution. Also, the theoretical results are agreement with 

the simulated ones. The more the energy value of the source, the more broaden the PSF will be due 

the more penetration strength. The narrower the PSF, the better the qualified image will be.  

Conclusion: This method may be employed to determine the accurate attenuation coefficient of 

absorbers as well.  

 

 

 

Keywords: Collimator; Point Spread Function; Resolution; Nuclear Medicine; Monte Carlo method; 

MCNPX. 
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1. Introduction 

 

The photons originating from the tissue should be rationally guided to the gamma camera by 

collimators along with attenuation of the scattered photons. The more the attenuation, the better 

qualified image will be. The well-managed gamma photons have involved in appraising the 

radiopharmaceutical concentration as a criterion for the uptake of radiotracers by a target organ as 

well as in the acquisition of functional and anatomical images in order to characterize the 

physiological parameters such as glomerular filtration rate (GFR), blood flow (BF) and so on. The 

image properties such as contrast, resolution, and signal to noise ratio (SNR) can be altered by 

varying the geometrical specifications of collimators [1].  

In general, the collimators have eliminated well the unwanted gamma rays, and have affected the 

resolution as well as the number of counts detected [2]. Performance of parallel-hole collimators may 

be evaluated by determining their response to a radioactive point source which for instance, the 

amount of collimator resolution is calculated via measuring the full width at half maximum (FWHM) 

of point spread function (PSF). The accurate determination of the collimator PSF is requirement for 

quantitative analysis of SPECT data [3]. 

The parallel hole collimators (PCs) are the most common case used in SPECT. They have been 

categorized into different types established upon their sensitivity and resolution besides the photon 

energy derived from radiopharmaceutical. A general way to improve the sensitivity of PCs is to 

reduce the hole length and/or to raise the hole size. This method increases the space entry angle of 

holes, so that more gamma rays pass through the holes and the sensitivity is increased. The widening 

of the solid angle of the collimator holes, however, leads to a widening of the PSF and, accordingly, 

to a deterioration in the resolution. By increasing the sensitivity in the PCs, the PSF is increased in 

both width and height. Consequently, the FWHM value increases and the image resolution 

deteriorates. Much effort has been executed to raise the PCs sensitivity without deteriorating the 

resolution, or vice versa, via representing novel plans and optimizing the geometric configurations of 

collimator [4-10]. One of the most significant difficulties collaborated with the PCs is compromise 

between sensitivity and resolution [11] that this problem has been roughly solved by extended parallel 

hole collimators (EPCs). Increasing the sensitivity of EPCs increases the height of the PSF more than 

the width. In other words, unlike the PCs, the deterioration in resolution could be limited by 

increasing the sensitivity in EPCs [12]. In addition, calculation algorithms have been proposed to 

balance this deterioration caused by the highly sensitive collimator [13]. We have introduced an 

optimized computational method to improve the PCs’ response in nuclear medicine before the 

response can be obtained with a higher accuracy [14]. This is an alternative technique to enhance this 

compromise. Although this compromise has been improved on the converging collimators like cone 

beam and fan beam, the field of view (FOV) is limited. By converging collimators, lessening the 

distance from the object to the focal point increases the magnification of acquired image; reciprocally, 

a smaller fraction of the object is shown [15-20].  

https://medlineplus.gov/ency/article/007305.htm#:~:text=Glomerular%20filtration%20rate%20(GFR)%20is,through%20the%20glomeruli%20each%20minute.
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In this research, we have proposed a novel geometrical plan on the PCs, namely the conical, 

cylindrical and spherical (CCS) collimator to narrow the PSF, leading the better resolution. An 

appropriate theory is introduced using the volumetric-parametric technique, and Monte Carlo 

simulations using the MCNPX code have been carried out to investigate and compare the CCS and 

PC collimators. 

 

 

2. Materials and Methods 

 

2.1. Theory 

At first, we look at the delta function briefly. The delta function can be viewed as the approach of a 

square pulse with the pulse width (a) moves toward zero, which the pulse height will move toward 

infinity. Let this pulse be defined as; 𝛿𝑝𝑙𝑢𝑠𝑒(𝑥) = { 1𝑎 ,   − 𝑎2 ≤ 𝑥 ≤ 𝑎20,      𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒            (1) 

Apparently, the smaller parameter of a results in a narrower and higher the pulse. The integral over 

the pulse will always be 1 as well. Eq. (2) indicates the Fourier series of the delta function.  𝛿𝐹𝑜𝑢𝑟𝑖𝑒𝑟(𝑥) = 12𝑎 + ∑ 1𝑎𝑛𝑚𝑎𝑥𝑛=1 cos (𝑛 [𝜋]𝑎 𝑥)         (2) 

Fig. 1 demonstrates the expanded Fourier series for this function. The peak is more pronounced due to 

the higher order in the expansion. 

 

Fig. 1. The expanded Fourier series for delta function, 𝛿𝐹𝑜𝑢𝑟𝑖𝑒𝑟(𝑥). 
 

Also, the Fourier integral representation of the delta function is as follows; 𝛿(𝑡) = 12𝜋 ∫ 𝑒𝑖𝜔𝑡𝑑𝜔∞−∞           (3) 

The PSF should be ideally as the delta function, but it will transmogrify from a delta function to a 

distribution which can correlate with a Gaussian distribution, while the scattered gamma rays were 

increased. The Gaussian function, g(x), is defined as, 𝑔(𝑥) = 1𝜎√2𝜋 𝑒−𝑥22𝜎2              (4) 
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where it is normalized to 1 as:   ∫ 𝑔(𝑥)𝑑𝑥 = 1∞
−∞  

The Fourier transform of the Gaussian function is as follow: 𝐺(𝜔) = 𝑒−𝜔2𝜎22           (5) 

The σ parameter is an index to characterize the resolution. The lower the σ parameter, the better the 

resolution will be. Generally, collimators are able to decrease the scattered gamma rays as well as 

have the various configurations to reach the specific targets. The resolution and sensitivity parameters 

on the collimators act against. Thus, there is a tradeoff between them. To solve this problem, one may 

focus on the geometry specifications of collimators. In this survey, a novel design, conical, cylindrical 

and spherical (CCS) is characterized in which conical denticles are annexed to the collimator septa on 

the detector side and spherical denticles are annexed below the collimator septa on the source side, 

has been suggested to enhance the performance of the PCs. In other words, the PC has been modified 

as the conical, cylindrical and spherical which is assessed by using the volumetric-parametric method, 

as shown in Fig. 2. Assuming 𝑙 = 𝛼 × ℎ, the volumetric ratio of the CCS collimator to the PC one 

will be as follows; 𝑉𝐶𝐶𝑆𝑉𝑝𝑐 = 1 + 13 𝛼 + 23 (𝑟ℎ)            (6) 

Where l, r, and h are the height of the conic, cylinder radius, and the sphere radius, correspondingly. 

The α parameter is a constant value. The volumetric ratio is a basic criterion here because shows the 

rate of the improving the PSF as well. 

 

Fig. 2. Schematic of the collimators configurations; (a) the parallel hole (PC), and (b) the conical, cylindrical and spherical 

(CCS). The SCD parameter is the source-collimator distance.  

 

The changes of collimator volumetric ratio against the changes of the height and radius of cylinder at 

the various amounts of the α parameter (0.01, 0.0526, and 0.1) have been calculated by the MATLAB 
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software, as shown in Fig. 3. The volumetric ratio is increased with increasing the α parameter. In 

other words, the volumetric ratio is increased by increase the conical height. 

 

Fig. 3. The changes of collimator volumetric ratio via the changes of the height and radius of cylinder at the various amounts 

of the α parameter (0.01, 0.0526, and 0.1). In simulations, the α parameter, cylinder height and radius are 0.0526, 19 and 1, 

correspondingly (black square marker). 

 

The α parameter, cylinder height and radius are 0.0526, 19 and 1, correspondingly for simulations 

performing by the MCNPX code as well as the linear changes of collimator volumetric ratio via the 

changes of α parameter at cylinder height of 19 mm and radius of 1 mm have been shown in Fig. 4.  

 

Fig. 4. The linear changes of collimator volumetric ratio via the changes of the α parameter at r = 1, and h = 19 mm. 

 

Also, the tracks of the ray in the collimators indicated in Fig. 2 are calculated. The changes of 

collimator tracks ratio value against the changes of the cylinder height and the conic height at the r = 

1, d = 3, and SCD = 1 mm have been calculated by the MATLAB software, as shown in Fig. 5. The 

tracks ratio is increased with decreasing the h parameter as well as l one. However, the tracks ratio is 

always more than one. The more this ratio, the better resolution and the lower the σ will be.  
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Fig. 5. The changes of collimator tracks ratio value against the changes of the cylinder height and the conic height at the r = 

1, d = 3, and SCD = 1 mm. 

 

 

2.2. Monte Carlo Simulation by MCNPX code 

 

The interactions of radiation with materials are different due to the variety of media of energy and 

matter, in which the density plays a key role. These interactions and complex transports were modeled 

by the Monte Carlo method [21]. In this research, the Monte Carlo N-Particles code version X 

(MCNPX) was used which is applicable for the approachability and rule of extensive parameters 

included in the calculations, whereby a history of the contribution of each photon is obtained. The 

code enables the tractable recognition of the particles established upon the cross-sections of various 

interactions. The examination of the energy transfer was carried out by settling the characteristics of 

the cross-section of an interaction, since the scattering and absorption cross-sections of the 

simulations from the ENDF/B-VII.1 libraries were taken into account [22]. The deformation of the 

geometric shape changes the cross sectional area. In general, three assessors for flux are as surface 

intersection (F2), track-length (F4) and next-event (ring and point detectors). These are appraisal of 

the amount ∬ ∅(𝐫, E, t)dEdt𝑡,𝐸                          (7) 

The integral is over time and energy, causing to units of particles per cm2. The integration range can 

be scrutinized by the T and E cards. The flux time units are examined by the units of the source; that 

is tally depict fluence tally when the source has unit of particles per unit time. In simulations, the track 

length assessor (F4) is selected here, which utilizes the basic explanation of fluence as the number of 

particle-trajectory lengths per unit volume. 

The PCs and CCS configurations are simulated by the MCNPX code and compared using the FWHM 

quantities. These configurations with a hole size of 2 mm and hole length of 19 mm, and the α of 1/19 

are considered for assessment of the performance of CCS', as shown in Table 1. The energy amounts 
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of radioactive point sources were 50, 140, 510, 1710 keV. Each simulation involved the emission of 

108 photons to produce the PSF.  

 

Table 1. The geometrical characteristics of the collimators configurations (in mm). 

Collimator PC CCS 

Cylinder radius (r) 1 1 

Cylinder height (h) 19 19 

Conic height (l) - 1 

α parameter - 0.0526 

 

The model comprises of a point source below the collimator and a simple point detector above the 

collimator, which discovers all gamma photons that hit it. The point detector is placed within 

collimator holes at above. A gamma photon emitted by the source enters the designed collimator, 

passes through division of collimator septa, leaves the collimator through the floor, and eventually 

may be mapped via the scintillation camera at designated point [23]. The probability that such a 

gamma photon essentially reaches the image plane is resolved via the distance passed by the 

collimator septa and the attenuation coefficient of the collimator material. For simplicity at the 

comparison, the collimators are placed in one row with the BF3 material. In order to rationalize 

directional dependence of the passage of photons through the designed holes in Fig. 1, the point 

sources were placed at the 1-mm source-collimator distance on the central axis of the major holes of 

the CCS and PC. The count profile for the major holes along the Y axis from one wall apex through 

the opposite wall was estimated applying the F4 tally in point detector cells with the size of 0.4 mm 

within the cylinders. By tracking a beam through the collimator and determining the distance passed 

in the septa, the radiation flux through the detector is decided. The PSF is established by repetition 

procedure for 108 beams, discretized by the angle of emission at the designated point source.  

 

3. Results 

 

The simulated results of the PC and CCS configurations by the MCNPX code have been indicated in 

Fig. 6.  

 

Fig. 6.  The simulated geometrical results of the configurations by the MCNPX code; (a) the PC, and (b) CCS collimator. 

The radioactive point sources have been indicated by the red-circle markers, and the point detector is the other side where 

the F4 tally is calculated. 
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The F4 tally is calculated to determine the PSF at the various energies of the source for the PC and 

CCS collimators. The PSF curve for the CCS collimator is narrower than that of the PC one, leading 

the better resolution, as shown in Fig. 7. 

 

 

Fig. 7. The simulated PSF at the different energies of the source for the PC and CCS collimators. 

 

On the other hand, the mean amounts of the PSF are the same the theoretical results obtained from the 

volumetric method at the various energies of the source. At the 140-keV point source, the relative 

error between the simulated and theoretical results is minimum (0.29%), and at the 1710-keV is 

maximum (5.73%), as shown in Table 2 and Fig. 8.  

 

Table 2. The simulated mean PSF and theoretical (Vccs/Vpc) results at the various energies along with their relative errors. 

E (keV) 50 140 510 1710 

Theory (Vccs/Vpc) 0.95 0.95 0.95 0.95 

Simulated mean PSF 0.98 0.95 0.98 1.01 

Relative error % 2.95 0.29 3.13 5.73 

 

As known, the interactions are based on the photoelectric and Compton processes. The photoelectric 

coefficient diminishes by raising energy at low energies and is negligible for the simulated energy of 

1710 keV. In contrast, the Compton coefficient is reduced by raising energy at low energies, but after 

a critical energy amount is reached the coefficient becomes constant by raising energy before it 

decreases sharply above a second critical amount. The Compton coefficient is roughly constant at 

energies of 1710 keV. 
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Fig. 8. The simulated mean amounts of the PSF and the theoretical-volumetric results via the energy values along with the 

relative error. 

 

Fig. 9 and Table 3 show the amounts of the σ parameter indicating a criterion for FWHM at the 

various energies of the source for the PC and CCS collimators.  

  

Table 3. The amounts of the σ parameter for the PC and CCS collimators at the various energies of the point source. 

 
50pc 50ccs 140pc 140ccs 510pc 510ccs 1710pc 1710ccs 

σ 0.4268 0.4242 0.4938 0.4740 0.5975 0.5842 0.9108 0.8393 

 

The CCS collimator has the σ value lower than that of the PC one at all the energies, resulting a better 

resolution. 

 

Fig. 9.  The amounts of the σ parameter for the CCS and PC collimators at the various energies of the source. 

 

The relationship between the amounts of the σ parameter in ×10-4 mm at the various energies of the 

source in keV has been formulated as the  σPC = 3E + 4392 and σCCS = 2E + 4355 for the PC and CCS 

collimators, respectively as shown in Fig. 10. The σ parameter at the CCS collimator is lower than 

that of the PC one at all the energies. In other words, the CCs resolution is better than that of the PC.  
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Fig. 10. The amounts of the σ parameter in ×10-4 mm at the various energies for the CCS and PC collimators. 

 

 

4. Discussion 

 

One potential benefit of nuclear medicine is the ability to infer quantitative information like the 

amount of radio-labeled tracer that is taken up by tumor or particular organ. The collimators can get 

the qualified images for metabolic performance and enhanced diagnosis of the lesions. With the 

collimators utilized in nuclear medicine merely about one in ten thousand of the emitted photons 

travel through the collimator. Therefore, the collimator design necessitates detailed knowledge of the 

relationship between the collimator geometry and the resulting imaging properties and has an 

important impact on the comprehensive performance of the gamma camera by virtue of the restriction 

on the number of counts captured. Although novel plans and optimized ways besides analytical 

pattern have been suggested to progress the compromise between sensitivity and resolution in the 

collimators, the conflicting procedure of these collimators still stays one of the main issues correlated 

with the PCs. In this survey, the CCS collimator was proposed in which conical denticles were placed 

on the collimator septa on the detector side and spherical denticles were placed below the collimator 

septa on the source side to enhance the PCs performance.  

In order to optimize a collimator design for quantification, the Monte Carlo calculation can be 

examined using the interactions of beams in the materials, on the basis of scattering and absorption 

cross-sections resulting from the Compton and photoelectric procedures that enable the fluence may 

be estimated [24-26]. The contribution of the photoelectric and Compton coefficients at different 

energies was different from each other. Generally, at a distinct energy amount, the Compton 

procedure tends to dominate the photoelectric procedures, which implies that the number of scattered 

photons is raised [2]. The conical denticles upon the CCS may reduce the number of scattered 

photons, as shown in Fig. 7. This of course depends on the energy value of the radioactive point 

source. 

In SPECT, the image produced by a point source is deteriorated by a number of factors associated 

with detectors and collimators such as geometric response, intrinsic response, septal scattering, and 

septal penetration. The geometric response is because of the collimator dimensions and the geometric 

σ
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response function gets to be broader as the distance from the collimator face increases and is highly 

dependent on the particular design of each collimator. However, the obtained images are blurred by 

the intrinsic system PSF, so that a finite spatial resolution worsens the contrast of subject lesions [27]. 

The total resolution results from the convolution of the collimator PSF with the PSF of the intrinsic 

gamma camera. The intrinsic PSF is typically well approached radially by a symmetric Gaussian 

function. The spatial resolution of the collimator deteriorates linearly with raising distance from the 

collimator surface. Moreover, the level of image noise affects the accuracy with which activity can be 

evaluated, suggesting that collimators with high efficiency are desirable. The CCS has indicated to 

improve the resolution compared to the PC. 

The diagnostic tasks that must be executed with SPECT imaging of the brain require the location and 

identification of ganglional and cortical structures, as well as the detection of lesions in size, form, or 

uptake [28,29]. Hanson found that optimal performance for localization, sizing, and object separation 

requires more high spatial frequency information than for detection, even with a uniform background. 

He also showed that an uneven background reduces the importance of information with low spatial 

frequency [30]. These estimations are supported by a simulation survey recently conducted by 

Muehllehner, which shows that the counts number obtained for a given SNR reduces by raising 

resolution for higher-order tasks such as separating high-contrast rods or bars [31]. The loss of 

resolution by virtue of the presence of high-energy gamma photons was less for the CCS than for the 

PC.  

A higher resolution system can transmit more high frequency data. This enhances the image contrast 

and becomes more and more important for lesion recognition as the tumor size reduces. When higher-

order attempts like locating and identifying ganglional and cortical structures and detecting lesions 

with various form and uptake are considered, the augmented resolution outweighs the loss of 

sensitivity. Therefore, collimators should be designed in such a way that they offer elevated 

resolution, even at the cost of sensitivity. To improve the cost function, one may optimize the 

geometric parameters of the CCS using the genetic algorithm [32], which is outside the aim of this 

survey.  

The only restrictions placed on the dimensions are due to: (1) weight restrictions (2) the minimum 

septa thickness imposed by manufacturing restrictions (3) the visibility of the collimator hole model 

in the obtained images. Meanwhile, some restrictions on geometrical symmetry are enforced in order 

to uphold the spatial invariance of the PSF [33]. Besides, the other imaging systems such as MRI can 

record the organs of the body in detailed, which can help augment the medical information in 

combination with nuclear medicine [34-37]. 

 

5. Conclusion 

 

Optimization of the collimator configurations towards the better resolution and SNR is one of the 

most aims in nuclear medicine. The uncertainty about the origin of the discovered gamma photons is 
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investigated by a point spread function. The proposed CCS collimator is able to improve the PSF, 

leading the better resolution compared to the PC one. This collimator may be useful to map the 

smaller lesions and tumors. 
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Figures

Figure 1

The expanded Fourier series for delta function, δFourier (x).



Figure 2

Schematic of the collimators con�gurations; (a) the parallel hole (PC), and (b) the conical, cylindrical and
spherical (CCS). The SCD parameter is the source-collimator distance.

Figure 3



The changes of collimator volumetric ratio via the changes of the height and radius of cylinder at the
various amounts of the α parameter (0.01, 0.0526, and 0.1). In simulations, the α parameter, cylinder
height and radius are 0.0526, 19 and 1, correspondingly (black square marker).

Figure 4

The linear changes of collimator volumetric ratio via the changes of the α parameter at r = 1, and h = 19
mm.



Figure 5

The changes of collimator tracks ratio value against the changes of the cylinder height and the conic
height at the r = 1, d = 3, and SCD = 1 mm.

Figure 6



The simulated geometrical results of the con�gurations by the MCNPX code; (a) the PC, and (b) CCS
collimator. The radioactive point sources have been indicated by the red-circle markers, and the point
detector is the other side where the F4 tally is calculated.

Figure 7

The simulated PSF at the different energies of the source for the PC and CCS collimators.



Figure 8

The simulated mean amounts of the PSF and the theoretical-volumetric results via the energy values
along with the relative error.



Figure 9

The amounts of the σ parameter for the CCS and PC collimators at the various energies of the source.

Figure 10



The amounts of the σ parameter in ×10-4 mm at the various energies for the CCS and PC collimators.


