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ABSTRACT 
Simulation of the complete nuclear medicine imaging 

situation for SPECT (Single Photon Emission Computed 
Tomography) produces synthetic images that are useful in the 
analysis and improvement of existing imaging systems and in the 
design of new and improved systems. The simulation methods 
that we employ are based on probabilistic numerical calculations 
(Monte Carlo); they require enormous amounts of computer 
time and employ highly complex models (the tomographic 
acquisition of images through intricate collimators). Our 
presentation consists of three parts. In the first, we describe the 
techniques developed to achieve reasonable simulation times and 
the tools built to allow interactive and effective analysis and 
processing of the resultant synthetic images. In the next part, we 
explore the limitations of such techniques for performing 
simulations of medical imaging situations. In the final part, we 
describe the areas of research that are promising for increasing 
the quality and breadth of the simulation process. 

PART ONE 
We have developed SimSPECT, a simulation package for 

SPECT imaging systems. The essential photon tracking and 
interaction algorithms contained in SimSPECT are from an 
embedded Monte Carlo transport code, MCNP. Developed at 
Los Alamos Scientific Laboratory, MCNP represents the 
state-of-the-art in terms of the physics, cross-section data, and 
models necessary for photon Monte Carlo simulations. 
SimSPECT achieves the following goals: 

• Completely and realistically models interactions between 
emitted photons and transport media. 

• Allows use of source material and scatter objects of arbitrary 
composition and arbitrary 3-D geometrical shape. 

• Employs models of collimators that correspond exactly to 
clinical or experimental types. 

• Uses coarse-grained parallelizing techniques (photon 
cloning) to decrease computational times. 

Development of the SimSPECT system began with the 
creation and addition to the core MCNP code of a pre-processor, 
inter-processor, and post-processor. The pre-processor permits 
user-friendly generation of source and transport objects, and 
eliminates the need to directly specify complex geometrical forms 
such as collimators. The inter-processor modifies the internal 
tracking and manipulation of photons such that synthetic images 
can be created, and controls this task so that it can be 
accomplished using multiple CPUs. The post-processor 
assembles the final synthetic SPECT data, and manages 
administrative information regarding the simulation. 

The need for a SimSPECT pie-processor was, simply, to 
create a less cumbersome mechanism for specifying the relevant 
parameters for SPECT simulations. These parameters are placed 
in a special input file which the pre-processor converts into an 
expanded data file that is then read by the SimSPECT system to 
determine configuration and simulation details. Collimators can 
be described to the pre-processor by indicating the type of 
collimator (parallel hole, cone-beam, etc.), the number of holes 
in the collimator, the shape of the holes (round, hexagonal, 
square, etc.), the packing of the holes (rectangular or hexagonal 
packing), the septal distance between holes, and the overall size 
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of the collimator (FOV and depth). Patient/phantom models and 
source distributions are also defined in the input file, as are other 
parameters such as the number of tomographic views to collect, 
the number of CPUs to use, and the number of photons to track. 

The post-processor likewise satisfies the rudimentary need of 
managing large amounts of simulation data. The post-processor 
assembles simulation data into relevant image files, and handles 
the restarting of long simulation runs that have been terminated 
due to power failures, network errors and other occurrences. 

The inter-processor is a key component of the SimSPECT 
system, and has been evolving over time to allow simulation runs 
to proceed with the greatest speed, efficiency and effectiveness. 
The initial method we have chosen for simulating tomography in 
an efficient and rapid manner (in SimSPECT) makes use of 
multiple processes running on separate CPUs. One process is 
designated the photon Generator, which tracks photon 
interactions within the scatter medium (patient or phantom). 
When a particle leaves this space and passes through a virtual 
sphere surrounding the space, its position, direction, energy, and 
scatter order are saved. The photon is then cloned and allowed 
to interact with the collimator for all views with which it would 
interact This step is carried out by one or more photon 
Consumers using separate CPUs. Thus, only a single model of 
the collimator is required per Consumer, during the photon 
cloning process, particles are redirected to this single model of 
the collimator, but counted for the actual tomographic view 
corresponding to the original photon direction. This method 
achieves a degree of coarse-grained parallelism, and can produce 
tomographic simulations in reasonable times. 

SimSPECT systems employs the following method for 
storing generated SPECT data. In generating ListMode files, the 
post-processor stores detailed photon information into sequential 
list files for all photons that have reached the detection crystal. 
That is, into a binary file are placed a given photon's position (x 
and y coordinates are normalized to the range 0.0 to 1.0 - the z 
dimension is always in the plane of the detector), the photon's 
absolute energy (no energy sampling against an inverse PDF is 
performed), the number of scattering interactions in the source 
objects and transport media, and the number of scattering 
interactions in the collimator. These five values are stored as 
binary float numbers, and a single ListMode file is created for 
each tomographic view. 

ListMode files are not SPECT images, as is apparent; a way 
is needed to transform such lists of photons into meaningful 
images. A companion system to SimSPECT includes powerful 
and flexible functions for processing ListMode data. This 
system, Sim VIEW, allows a set of ListMode tomographic data 
files to be transformed into pixel-based images through 
user-specified directives regarding final image resolution, energy 
resolution, scatter orders, and final count levels; the 
transformation from ListMode data to actual images is 
instantaneous, versus days of run-time to generate the ListMode 
data in the first place. The advantages of simulated SPECT data 
in ListMode files are obvious; final image resolution can be 
chosen after a long simulation run has been completed; the 
energy window (or windows) can be changed and the effects on 
resultant images can be seen immediately, the energy resolution 
can be modified to simulate scintillation crystals with differing 
properties; and finally, the percentage can be set of the photons 
contained in a ListMode file that are accessed, thus creating 

images with specified final count levels. 
Given die capability to completely and realistically model the 

SPECT imaging process, numerous design, analysis, and 
experimental tasks have been completed with SimSPECT. 

PART TWO 
The limitations of SimSPECT derive almost entirely from the 

limitations of the underlying MCNP code. These limitations 
affect three important aspects of the simulation process: the 
speed at which synthetic data are generated, the complexity of 
the simulated objects (patients, phantoms, collimators), and the 
completeness of the simulation process. 

The first limitation is due to MCNP being inherently 
unvectorizable. This limitation is also present in most other 
Monte Carlo radiation transport codes. Particle histories cannot 
be split among multiple CPUs unless each CPU has its own copy 
of the problem geometry. This requires substantial memory per 
CPU, and hence MtMD (Multiple Instruction Multiple Data) 
architectures cannot be used. Other fine-grained parallel 
techniques can and have been proposed, but receding the core 
physics code is always the daunting requirement 

The second limitation pertains to the complexity of allowed 
geometries. Although extremely complex phantoms and patient 
models have been developed, certain objects still cannot be 
modeled. For example, because MCNP repeating structures 
cannot be rotated, a cone beam collimator may require over 
500,000 surfaces in order to be a realistic model. Such 
complexity is not achievable on most computers due to 
insufficient memory and/or unacceptable run time. It should be 
noted that the transport of photons in the system being modeled 
is a highly inefficient process as well. 

The final limitation involves the need to simulate an 
important component of the imaging system, namely the gamma 
camera. As higher energy photons are investigated and used, and 
as greater fidelity is required in the physics of photon 
interactions, the need emerges for effective modeling of 
interactions in the crystal and camera. Unfortunately, this 
requires electron transport simulation at low energies and light 
production, tasks for which MCNP is not yet the optimal code. 

PART THREE 
There are a number or research avenues that can and are 

being pursued to increase the breadth and quality of SimSPECT 
simulations. Some require modifications to the system, other 
require using the system in some manner. 

• Evaluation of noise correlations between projection data and 
reconstructed tomographic data. For projection data, 
fluctuations in single pixels are independent of surrounding 
pixels, whereas for reconstructed data, pixel noise is 
positively correlated at short distances and negatively 
correlated in longer distance. 

• Evaluation of partial volume effects for small objects whose 
size approaches the FWHM resolution of the imaging 
system. 
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• Evaluation of the effect of patient motion. Object locations 
are modified at certain time intervals; resulting ListMode files 
can be considered as having a third dimension, time. Various 
types and severities of motion can be simulated, and 
correction approaches can be quantitatively evaluated. 

• Evaluation of the performance of scatter correction methods. 
The advantage of SimSPECT is that it can record the scatter 
level at different locations (within the object and transport 
medium, or the collimator). The ability to create images 
from unscattered photons provides a gold-standard to which 
scatter corrected images can be compared. This allows 
scatter correction methods to be quantitatively assessed. 

• Helical camera paths. Sophisticated designs for imaging 
systems are turning to helical paths to maximize photon 
detection efficiency. 

• Realistic cone beam collimators. Hexagonally-packed 
hexagonal-hole cone been collimators are being 

manufactured for high efficiency. But a complete collimator 
cannot be constructed in SimSPECT. A small area of a 
parallel hole collimator is used to simulate an actual cone 
beam collimator, and photons are redirected to this single 
patch. 
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