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Abstract 
 

Monte Carlo N-Particle (MCNP) simulation has been extensively proven in nuclear 
medicine imaging systems, most notably in designing and optimizing new medical 
imaging tools. It enables more complicated geometries and the simulation of particles 
passing through and interacting with materials. However, a relatively long simulation 
time is a drawback of Monte Carlo simulation, mainly when complex geometry 
exists. The current study presents an alternative variance reduction technique for a 
modeled positron emission tomography (PET) camera by reducing the height of the 
source volume definition while maintaining the geometry of the simulated model. The 
National Electrical Manufacturers Association (NEMA) of the International 
Electrotechnical Commission (IEC) PET's phantom was used with a 1 cm diameter 
and 7 cm height of line source placed in the middle. The first geometry was fully 
filled the line source with 0.50 mCi radioactivity. In contrast, the second geometry 
decreased the source definition to 2.4 cm in height, covering 1 cm above and below 
the detector level. The source volume definition approach led to a 71% reduction in 
the total photons to be simulated. Results showed that the proposed variance 
reduction strategy could produce spatial resolution as precise as fully filled geometry 
and sped up the simulation time by approximately 65%. Hence, this strategy can be 
utilized for further PET optimizing simulation studies. 
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1.- INTRODUCTION 

 

The primary goal of nuclear medicine imaging is to acquire an image of how radioactivity 

is distributed throughout the patient's body. The process is done by using the external 

scintillation crystals to capture the emissions. Materials with high densities and attenuation 

coefficients are typically used as detector materials because they can effectively stop high-

energy photons' penetration and then collect their deposited energy [Xie et al., 2020]. The 

common inorganic crystals, which have been used to collect the deposition of high-energy 

gamma photons, were sodium iodide (NaI), bismuth germanium oxide (BGO), lutetium 

oxyorthosilicate (LSO) and lutetium yttrium oxyorthosilicate (LYSO) [Tan et al., 2020]. 

PET imaging is one of the well-established and widely used modalities in both clinical and 

preclinical settings, which comprises many detectors arranged in a circle around the object 

to be scanned. The full ring geometry is the most often used detector arrangement in PET 

systems, enabling rapid dynamic scans and covering a large body area [Beyer et al., 2020].  

 

In addition, PET is being developed in part through simulation. Researchers and industry 

have used Monte Carlo simulations to design, optimize, comprehend, and create new 

emission tomography systems of nuclear-based imaging [Salvadori et al., 2020]. It enables 

realistic modeling of photon interactions between the object and the PET detector while 

also providing complete information of the underlying reference activity and attenuation 

distributions. Among the available Monte Carlo codes, the MCNP radiation transport 

code, a general-purpose three-dimensional simulation tool used by many researchers to 

model particle transports in detector response calculations [Goorley et al., 2016].  

 

In PET imaging simulation, its accuracy is improved by increasing the number of tracked 

high-energy photons tracked. The high number of photons will be detected only by 

running many positrons in the simulation. However, this demands a lengthy simulation 

time when the simulation is done on a single central processor unit (CPU) [Salvadori et al., 

2020]. Typically, the heavy computational requirements can be solved using graphics 

processing units (GPUs) or multi-core CPUs [Okubo et al., 2017]. Alternatively, some 
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methodological advancements that are not imaging-specific but capable of enhancing 

detector modeling and reducing computing time, called variance reduction techniques 

(VRTs), have been developed [Tahaei & Reader, 2014]. 

 

VRTs is one of the primary components of a Monte Carlo simulation method to improve 

the computational efficiency of the simulation. Numerous VRTs have been developed for 

Monte Carlo simulations. Among those which are suitable for emission tomography is 

Woodcock tracking. It works to accelerate tracking particles with an analytical or neural 

network model. All these approaches have the potential to expedite by order of magnitude. 

However, this depends on a variety of characteristics and simulation configurations [Wang 

et al., 2016].  

 

There are four distinct groups of VRTs in MCNP, ranging from straightforward to 

complicated approaches. The simplest one is truncation methods. They accelerate 

calculations by truncating portions of phase space that are irrelevant to the solutions. The 

most straightforward example is geometry truncation, in which outer parts of the geometry 

are ignored. Energy and time cutoff are two distinct truncation strategies accessible in 

MCNP. Next is the population control methods. It controlled the number of samples 

obtained in various locations of phase space using particle splitting and Russian roulette. A 

weight adjustment is applied to balance samples of low weight tracked in essential places 

and high weight in insignificant regions. Geometry splitting and Russian roulette, energy 

splitting or roulette, weight cutoff, and weight windows are potential population control 

strategies in MCNP [Mohammed et al., 2016; Shultis and Faw, 2006]. 

 

Other VRTs are modified sample methods used to enhance the number of tallies per 

particle by altering the statistical sampling of a problem. It works by directing particles in 

desired directions or into other selected regions of phase space, such as time, energy, 

position, or kind of collisions. This type of VRTs include the exponential transform, 

implicit capture, forced crashes, source biasing, and neutron-induced photon production 

biasing. Partially deterministic methods are the most complex VRTs that employ 

deterministic-like approaches for estimating the next even or manipulating random 
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sequence. These approaches are implemented in MCNP using point detectors, DXTRAN, 

and correlated sampling [Shultis & Faw, 2011]. 

 

Above all, the material characteristics of sources and ring-shaped detector in PET imaging 

exclude adopting either of the proposed approaches in this investigation. Additionally, 

executing the simulation via a computer cluster, such as parallel computation, is impossible 

with the particle track card [Saeed et al., 2016]. Thus, this work aimed to develop a new 

variance reduction strategy suitable to the geometry of the modeled PET scan used in this 

study to lessen the computational burden. 

 

 

2.- MATERIALS AND METHODS 

 

This section consists of three parts. It began with developing a PET camera and phantom 

geometry to imitate the PET imaging process. Second, brief explanation on VRTs 

implementation in the proposed PET geometry. It encompasses the material used and the 

number of particles involved based on the volume defined. Finally, it includes the image 

performance evaluation.  

 

2.1.- Simulation setup  

The simulated PET scanner's geometry was constructed as the real one. This precision is 

required to conduct a simulation with the same performance as in a natural PET system. 

The model of PET scan develop in this study is based on the design of Siemens Biograph 

TruePoint PET/CT scanner with a phantom geometry imitate the NEMA IEC PET 

phantom design [Waeleh et al., 2021]. The ring detector is the first and most essential 

component of the PET system. An 84.2 cm diameter circular PET tomograph was designed 

with 48 independent LSO block detectors. Each scintillation crystal block is then 

subdivided into 13 smaller blocks, with each crystal measuring 0.4 cm x 0.4 cm x 2.0 cm 

in size. As a result, the total number of crystal elements in this study is 624. The actual 
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PET detector block configurations contain a total of thirteen rings detectors. However, a 

single ring layer is modeled for image creation in this study, as illustrated in Figure 1 (a). 

 

 

Figure 1.- Geometrical structure of PET camera based on MCNP view in (a) xz direction, 

(b) xy direction (geometry 1) and (c) xy direction (geometry 2). 

 

2.2.- Variance reduction 

In this model, a variance reduction is defined with a suitable and practical strategy to be 

implemented in the modeled PET geometry. Two sets of simulations have been prepared to 

check the efficiency of the proposed VRT. A 1 cm diameter line source with a 7 cm height 

is placed in the middle of the phantom. In the first geometry (Figure 1(b)), the line source 

was entirely filled with 0.50 mCi radioactivity. In contrast, in the second geometry (Figure 

1(c)), the definition of the source was reduced to 2.4 cm height covering 1 cm above and 

below the detector level. The purpose of reducing the height of the source definition was to 

shorten the simulation duration. This reduction aids the simulation by utilizing fewer 

photons; hence, this approach becomes the proposed variance reduction strategy. 

 

Meanwhile, the simulated model's shape was maintained to preserve the photon's physical 

interaction characteristic. By introducing the source volume reduction definition,  the 

decrease of approximately 71% of the total number of photons was achieved in this 

experiment. For the first and second experiments, the overall photons required was 2.220 x 

109 and 7.611 x 108, respectively. After that, the accuracy was compared for spatial 
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resolution and the efficiency of this strategy was determined by comparing the total time 

required to finish each simulation directly. 

 

2.3.- Performance evaluation of the imaging output 

All the information regarding the annihilation of photons is retrieved from a file named 

PTRAC, which is an abbreviation of particle track. It is one of the output files generated by 

the MCNP code when the PTRAC card is inserted into the MCNP input file. It stores the 

trajectory of each annihilation photon and contains all information about its activity from 

the time it is produced. PET raw data consists of projections information about the patient. 

The sinogram matrix is a collection of projections from 0 to 360 degrees. Typically, these 

data are turned into an image using a technique called image reconstruction. In general, 

image reconstruction is transforming the projection count to an image that accurately 

depicts the distribution of radioactivity throughout the patient's body. The analytic and 

iterative methods are the two fundamental approaches to image reconstruction. However, 

analytical iterative was used in this study, or more frequently referred to as filtered back-

projection (FBP). 

 

This study obtains a point spread function image by imaging a line source using a PET 

scanner. The full width half maximum (FWHM) of the intensity profile displayed across 

the center of each small source image is used to determine the spatial resolution, calculated 

using the Gaussian fitted profile. 

 

 

3.- RESULTS AND DISCUSSION 

 

Because PET imaging simulations take a relatively long simulation time, a variance 

reduction strategy was proposed to shorten the simulation duration. Numerous variance 

reduction strategies included in MCNP5 were considered unsuitable for use in this PET 

modeling. As a result, a narrower source width was proposed to lower the overall number 

of photons necessary for the simulation. However, this reduction was made after carefully 
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assessing the tumor volume's activity density and the detector's position. For validity, the 

proposed method was validated against simulations for full-width source modeling. In the 

study, the procedure accuracy was compared in terms of spatial resolution between two 

images generated and its efficiency was evaluated by a direct comparison of the total time 

needed to complete each simulation 

 

Figure 2 represents the simulated spatial resolution derived from geometry 1 and geometry 

2. Both simulations, full- and reduce-width, gave an excellent agreement result. Between 

the two, a slight difference of fewer than 0.1 pixels was recorded. Thus, the data 

established that simulations based on geometry 2 can reproduce the results achieved using 

geometry 1 modeling. The performances were due to modelling a single ring of the 

detector and the production of the plane of the image. Reduced height of the activity source 

has no significant influence on the reconstructed image's accuracy since the defined 

source's height still covers the ring detector's height. 

 

  

 

Figure 2.- FWHM for geometry 1 (a) and geometry 2 (b). 

 

Narrowing the source sped up the simulation of Geometry 2 by approximately 65%, as 

shown in Figure 3. This result is expected because of a simultaneous decrease in the source 

volume and the photons to simulate. As a result, the time required to run all of the photons 

(a) (b) 
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is reduced. This success represents a significant cost saving in this study, as more 

complicated simulations will be done using the same model for the subsequent project. 

 

 

Figure 3.- Completed simulation time for Geometry 1 and Geometry 2. 

 

 

5.- CONCLUSIONS 

 

This article presents a variance reduction technique based on the definition of a source 

volume compatible with the modeled PET scanner. The results thus verified that the 

proposed variance reduction strategy enables geometry 2 to reproduce the results as precise 

as geometry 1 modeling while reducing the burden of computational cost. Following that, 

the proposed VRT in this study will be implemented to conduct any additional tomography 

research. 
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