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ABSTRACT 
 

Single photon emission computed tomography (SPECT) has been traditionally simulated using 
Monte Carlo methods. The TITAN code is a hybrid deterministic transport code that has recently 
been applied to the simulation of a SPECT myocardial perfusion study.  For modeling SPECT, the 
TITAN code uses a discrete ordinates method in the phantom region and a combined simplified 
ray-tracing algorithm with a fictitious angular quadrature technique to simulate the collimator and 
generate projection images.  In this paper, we compare the results of an experiment with a physical 
phantom with predictions from the MCNP5 and TITAN codes.  While the results of the two codes 
are in good agreement, they differ from the experimental data by ~21%.  In order to understand 
these large differences, we conduct a sensitivity study by examining the effect of different 
parameters including heart size, collimator position, collimator simulation parameter, and number 
of energy groups. 
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1. INTRODUCTION 
 
Traditionally, Monte Carlo methods have been used in the simulation of single photon emission 
computed tomography (SPECT) [1].  However, the hybrid deterministic transport code TITAN 
[2] has recently been applied to the simulation of SPECT with the ultimate goal being the 
development of methods to improve image quality and reduce patient dose.   
 
In SPECT, a patient is injected with a radiopharmaceutical that is preferentially absorbed by the 
tissue of interest.  A gamma camera then rotates around the patient and collects projection images 
at various angles.  This research simulates anterior projection images from a myocardial 
perfusion study in which Technecium-99m (Tc-99m) is absorbed by the heart wall, or 
myocardium.  Tc-99m emits 140.5 keV gamma rays that are detected at the gamma camera.  A 
lead collimator is placed on top of the detector to provide spatial resolution by restricting 
incoming photons reaching the detector to those within a small acceptance angle. 
 
In this paper, the results of a prototype bedside cardiac SPECT system [3] are compared with 
predictions of the MCNP5 Monte Carlo code [4] and the TITAN code.  While the simulation 
results of the MCNP5 and TITAN codes agree with each other, they, however, differ significantly 
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from the experiment data.  To understand the cause of these differences, we embark on a 
sensitivity study by examining different parameters, including the heart size, distance to detector, 
collimator representation, and number of energy groups.  By better understanding the variables 
that do or do not impact the simulation, a faster simulation can be completed while maintaining 
confidence in its accuracy. 
 
 

2. DESCRIPTION OF METHODS 
 
The results of a myocardial perfusion experiment [5] were compared with two particle transport 
codes, i.e. MCNP5 and TITAN.  The experiment used a prototype SPECT device to obtain 
projection images of a physical phantom. This phantom was also imaged by a Computed 
Tomography (CT) system to create a three-dimensional density distribution of the physical 
phantom.  This was then segmented to create a voxel phantom for use in the computational 
simulations by the MCNP5 and TITAN codes.  Sensitivity studies were then performed on the 
TITAN simulation.  The experiment and simulations are further described below. 

2.1.  Experiment Description 
 
In the SPECT experiment, a prototype bedside cardiac SPECT system was used to image an 
anthropomorphic, dynamic cardiac phantom, which is shown in Figure 1.  For this study, Tc-99m 
activities of 1 mCi and 2 mCi were injected into the myocardium and the liver, respectively.  The 
collimator used was a parallel-hole lead collimator with hexagonal holes with a 2.3 cm length, 
1.5 mm diameter, and 0.2 mm septal thickness. 
 
 

 

 

Figure 1. Physical phantom being imaged by a prototype SPECT device. 
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Some potential issues with the experiment should be noted.  First, without access to a SPECT/CT 
system, some differences in the physical condition of the phantom for the SPECT image 
acquisition and the CT scan are inevitable.  Also, the accuracy of the CT volume contouring and 
the registration of the projection images may affect numerical comparisons between the 
experiment and the simulations. 

2.2.  MCNP5 Model 
 
The MCNP5 simulation models the collimator used in the experiment as described in Section 
2.1.  The collimator is located directly in front of the phantom surface, as depicted in Figure 2, 
with the detector immediately behind it.  The detector is not actually modeled, but the flux is 
tallied in that region. 
 
 

 

 
The CEPXS code [6] was used to generate 3-group multi-group cross sections for use in the 
MCNP5 code.  The three energy groups are 126.45-154.55 keV, 98.35-126.45 keV, and 10-98.35 

Figure 2. Sagittal slice through MCNP5 model showing voxel phantom, detector, and collimator positions.  
The heart and liver are also visible. 
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keV.  The first group contains the source and was chosen to match the energy window used in the 
experiment. 

2.3.  TITAN Model 
 
The TITAN model uses the same 3-group cross sections described in Section 2.2.  The TITAN 
code is referred to as a “hybrid” deterministic transport code because it allows the user to specify 
either a discrete ordinates (SN) [7] or characteristics method (CM) solver in different regions, 
called coarse meshes, of a problem.  Furthermore, for the simulation of SPECT, the TITAN code 
offers a simplified ray-tracing algorithm with fictitious quadrature technique for simulation of 
the collimator [8].  Figure 3 shows that, in the TITAN code’s hybrid setting, the SN solver is used 
to solve for the flux distribution in the phantom followed by the simplified ray-tracing algorithm 
for simulating the collimator and calculating the flux at the surface of the detector. 
 
 

 

 
Note that the detector is not modeled by the TITAN code at this time.  The TITAN algorithm for 
simulation of the collimator includes the following steps: i) ray-tracing directions are determined 
based on projection angle, which is normal to the face of the detector; ii) the normal direction 
which goes through each collimator is split based on the circular ordinate splitting (COS) 
technique [8]; iii) using the fictitious quadrature technique, one extra SN iteration is performed in 
the phantom to obtain the angular flux along the split and normal directions; iv) angular flux 
along the new directions is transferred to the detector via the ray-tracing formulation.  It is 
important to note that the COS technique provides a set of fictitious directions within a 

Figure 3. Sagittal slice through TITAN model depicting SN solver and ray-tracing regions. 
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collimator acceptance angle.  These directions are located on concentric circles as depicted in 
Figure 4. 
 

 

 
In Figure 4, 2 splitting circles with 6 directions per circle have been specified.  The outer circle is 
determined by the collimator acceptance angle that is being simulated and represents the 
collimator hole perimeter.  The angular fluxes for the original and split directions are then 
averaged to simulate the flux passing through a “true” collimator.  The base TITAN simulation 
uses a single circle with 3 split directions. 
 

3. RESULTS AND ANALYSIS  

3.1. Projection Image Comparison 
 
The anterior projection image produced by the SPECT experiment was first compared with the 
simulated projection images from the TITAN and MCNP5 codes.  The MCNP5 Monte Carlo 
simulation was run until the 1-σ uncertainty was less than 2% for all of the high-count 
myocardium pixels.  The convergence criterion for the TITAN deterministic simulation was 
1x10-3.  Only the high-count pixels in the myocardium are numerically compared between 
images.  The projection images generated by the experiment, TITAN code, and MCNP5 code are 
given in Figures 5A through 5C. 

Figure 4.  Fictitious quadrature set for an anterior projection image with circular ordinate splitting (COS) 
consisting of six directions on each of two circles.  The outer circle represents the collimator hole perimeter. 
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 A) Experiment B) TITAN C) MCNP5 

 
The images in Figure 5 agree well visually.  When numerically compared, the TITAN projection 
image had a maximum difference in the myocardium of -10.0% relative to the MCNP5 
projection image.  To better understand the differences between the images, profiles through 
column 28 and row 16 of the TITAN and MCNP5 images are given in Figures 6 and 7, 
respectively. 
 
 

 

 

Figure 5. Anterior projection images. 

Figure 6. Profile through column 28 of anterior projection image from TITAN and MCNP5 simulations. 
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Figures 6 and 7 clearly show peaks in the flux from the myocardium as the profiles pass into and 
back out of the heart.  The profile shapes match well with some amplitude differences in the 
heart.  These differences are attributed to the different methods of representing the collimator 
used in MCNP5 and TITAN.  Note that the TITAN code’s ray-tracing with fictitious quadrature 
technique does not allow for photons to be scattered in the collimator or transmitted through the 
collimator hole walls.  These effects will result in some spreading of the myocardium peaks in 
the MCNP5 result compared to the TITAN result. 
 
The TITAN projection image was compared with the experimental data to find a maximum 
relative difference of -20.7%.  Profiles were again used to better understand these differences.  
Figures 8 and 9 give the profiles through column 28 and row 16, respectively, for the experiment 
and TITAN projection images. 
 

 
 
 

Figure 7. Profile through row 16 of anterior projection image from TITAN and MCNP5 simulations.  

Figure 8. Profile through column 28 of anterior projection image from SPECT 
experiment and TITAN simulation. 
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The general shape of the profiles in Figures 8 and 9 matches, but large differences are apparent.  
The spreading of the flux peaks on either side of the heart in the experiment data is expected due 
to the detector’s energy and spatial resolution, which are not modeled in the TITAN simulation. 
In Figure 8, the first peak in the experiment profile is positioned one pixel to the left of the first 
peak in the simulations.  The MCNP5 and TITAN profiles match very well in Figure 6, so it is 
concluded that some change in the physical phantom occurred between the SPECT experiment 
and the CT scan used to create the voxel phantom.  This will of course be a large source of 
differences between the projection images and will be addressed further in the following section. 

3.2.  Sensitivity Analysis 
 
The sensitivity of the SPECT simulation in the TITAN code to heart size, detector position, 
collimator simulation parameters, and number of energy groups was investigated.   
 
3.2.1. Heart size 
 
The discrepancy in the heart size seen in Figure 8 is the result of the phantom SPECT data and 
CT data being acquired on separate occasions.  It seems that when the myocardium was filled 
with Tc-99m for the SPECT study, a larger amount of liquid was injected into the rubber 
chamber representing the heart.  To attempt to compensate for this, the voxel phantom used in 
the TITAN simulation was modified.  The volume containing the heart was projected onto a 
matrix with two more elements in each dimension.  Since the voxels are 0.3 cm in each 
dimension and the projection image pixels are 0.55 cm in each dimension, this closely 
approximates the extra pixel between peaks in the experiment projection image.  Figure 10 
contains the column 28 profiles through the experiment and modified TITAN projection images. 
 
 

Figure 9. Profile through row 16 of anterior projection image from SPECT experiment and TITAN 
simulation. 
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In Figure 10, the locations of the flux peaks in the myocardium now match between the 
experiment and TITAN projection images.  The maximum difference in the new TITAN image 
relative to the experiment is -18.5%. 
 
3.2.2.  Detector position 
 
In Section 3.1, the TITAN code simulated the collimator surface 0.15 cm from the phantom 
surface to match the positioning in the experiment.  The effect of varying the collimator position 
relative to the 0.15 cm base case is examined by considering two cases with 3.15 cm and 8.15 cm 
gaps.  Figures 11 and 12 compare the profiles through column 28 and row 16, respectively, for 
these three cases. 

 
 

 

Figure 10. Profile through column 28 of anterior projection image from SPECT experiment and TITAN 
enlarged heart simulation. 

Figure 11. Profiles through column 28 of TITAN projection images with collimator to 
phantom distances of 0.15, 3.15, and 8.15 cm. 
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In Figures 11 and 12, moving the collimator further from the phantom clearly results in more 
photons being detected outside of the myocardium, as expected.  In Figure 11, the peak flux 
values still match exactly as the collimator is moved, but there is a loss of contrast resolution due 
to the minimum inside the heart increasing by 3.8% and 14.0% as the collimator is moved to 
3.15 cm and 8.15 cm, respectively.  In Figure 12, the peak fluxes increase along with the 
minimum within the heart, but the contrast resolution is still reduced. 
 
3.2.3. Collimator simulation parameters 
 
In the default ray-tracing with fictitious quadrature technique, the COS splitting uses a single 
circle with three split directions.  Here, the number of splitting circles and the number of split 
directions per circle were varied to determine if the default parameters are adequate.  The 
maximum differences in the images relative to the default case and the MCNP5 projection image 
are given in Table I. 
 
 

Figure 12. Profiles through row 16 of TITAN projection images with collimator to phantom distances of 0.15, 
3.15, and 8.15 cm. 
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Table I. Maximum difference of TITAN projection images for different COS parameters 
relative to 1 circle with 3 split directions and the MCNP5 data. 

 

Number of 
splitting circles 

Splitting directions 
per circle 

Maximum difference 

Relative to default 
TITAN (%) 

Relative to 
MCNP5 (%) 

1 3 - -10.0 
2 3 -2.9 -11.2 
1 6 4.2 -7.0 
2 6 -1.7 -10.5 
1 9 5.7 -5.7 
2 9 2.1 -9.7 

 
 
The results in Table I show that the changes to the TITAN code’s results for different COS 
parameters are small with the largest being 5.7%.  However, when compared with the MCNP5 
results it is clear that the single circle with 9 split directions is the best case.  Increasing the 
number of split directions is expected to improve the comparison with MCNP5, but when 2 
circles are used the improvement in the comparison is reduced for reasons not yet understood.  
Profiles through the projection images did not show any significant differences between 
simulations.  An earlier study comparing TITAN with MCNP5 for SPECT simulation found that 
the COS technique becomes more accurate as smaller acceptance angles are simulated [9].  The 
collimator holes simulated here are near the larger hole-sizes used in that study.  In the future, 
alternative methods to better represent collimator holes of this size will be investigated. 
 
3.2.4. Number of energy groups 
 
The final aspect of the TITAN simulation that was examined was the number of energy groups in 
the multigroup simulation.  The original 3-group simulation had the first and highest energy 
group equal to the energy window used in the SPECT experiment.  The CEPXS code was used to 
generate cross sections with the energy window range (126.45-154.55 keV) divided into 5 and 10 
energy groups for a total of 7 and 12 energy groups, respectively.  The resulting flux at the 
detector for the energy groups in the energy window was then summed.  The resulting projection 
image was compared with the 3-group case.  The maximum relative differences of the 7-group 
and 12-group images were 0.5% and -0.3%, respectively.  These results indicate that modeling 
more energy groups will not improve this simulation’s accuracy. 
 

4. CONCLUSIONS 
 
The comparison of the TITAN code anterior projection image with the experiment and MCNP5 
projection images showed good visual agreement.  The maximum relative difference between the 
TITAN result and the MCNP5 result was -10.0%.  Profiles through the TITAN and MCNP5  
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projection images matched in shape well with some magnitude differences.  These can be 
attributed to differences collimator representation.  Comparing the TITAN projection images 
with the experiment, a maximum relative difference of -20.7% was found.  Examining profiles 
through the images revealed that physical changes in the phantom between obtaining SPECT and 
CT images are limiting how well the experiment can be compared with.  
 
The sensitivity studies on the TITAN simulation demonstrated a loss of contrast resolution as the 
collimator is moved further from the phantom.  However, having the collimator position 
increased by 3 cm only resulted in a 5% maximum relative difference.  Adjusting the splitting 
parameters found that the single splitting circle with 9 directions gave the most accurate result.  
Varying the number of energy groups in the energy window was found to not affect the 
simulation’s accuracy. 
 
Future work will investigate alternative methods of simulating the collimator.  Also, 
methodologies will be developed to examine the possibility of improving SPECT image quality 
and reducing patient dose. 
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