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Abstract 
X-PACT as a novel cancer therapy utilizes kilovoltage x-ray beam, phosphor and 

psoralen to treat solid tumors. Since x-ray beam is not commonly used for radiation 

therapy treatment purposes, a lack of treatment planning tool and plan based dose 

calculation is hindering the development of X-PACT. In this study, we try to approach 

the challenge by creating a Monte Carlo model that is an accurate representation of the 

actual treatment. The Monte Carlo model will be validated with commissioning 

measurements and is applicable to clinical data. 

FLUKA is used as the Monte Carlo package for our simulations. The Monte 

Carlo model is created based on the Variantm OBI system. The geometry is created and 

optimized in Flair. To improve simulation efficiency, we collected the filtered simulated 

80 kVp x-ray spectrum and used that as the source file for photon simulation. This way, 

the x-ray tube is bypassed, and 80 kVp photon can be simulated directly.  

The validation process consists of two qualities: the back-scatter factor and the 

percentage depth dose. The commissioning was done separately from this study [1], and 

the commissioning data was used to compare with simulation results. The Model shows 

good overall matching to the commissioning PDD data. At small or large field size, a 

discrepancy between the simulation PDD data and commissioning PDD data can be 

observed at the surface, the differences are with 3-4%. 
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The final step is to apply the model to the Phase I canine trial. The clinical trial 

includes six dog study cases. In this thesis, Monte Carlo dose calculation based on the 

CBCT images of each dog study was performed for all six dog studies. The result is a 3D 

dose matrix for the CBCT images. According to the prescription dose for each dog study, 

the simulated dose was normalized, and the dose distribution for each dog was 

generated. 
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Ch.1: Introduction 

1.1 X-PACT: a novel approach for cancer treatment 

Psoralens are therapeutic drugs which have anti-proliferative effect and 

immunogenic properties when activated by ultraviolet A (UVA) light (320 – 400 nm) [2-

6]. Activated Psoralen molecules interact with nuclear DNA by forming monoadducts 

and crosslinks. This photochemical reaction promotes cell death by up-regulating 

p21waf/Cip and p53 and blocking oncogenic receptor tyrosine kinase signaling [3,6]. 

Psoralen Ultraviolet A (PUVA) treatment has been limited to superficial cancer 

treatment due to UVA light’s lacks of penetration depth in tissue.  

X-ray Psoralen Activated Cancer Therapy (X-PACT) is a novel cancer treatment 

that utilizes low energy x-ray beam and psoralen to treat solid tumor [2]. X-PACT 

introduces a new psoralen photoactivation mechanism using kilovoltage x-ray and 

phosphors. X-ray can penetrate tissue and reach the deep-seated tumors. Specially 

designed phosphors are activated by x-ray and convert the energy into emitting UV 

light which can be the source of psoralen photoactivation.  

X-PACT has shown promising therapeutic effect through both in vitro and in 

vivo models [2]. In vitro experiments using 4T1-HER2 cells (murine breast cancer cell 

line) reveal that X-PACT promotes cell death by 20 to 70% [2]. In vitro experiments also 

suggest a correlation between enhanced treatment result and increasing radiation dose, 
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phosphor dose and psoralen dose. [2] In vivo model on mice shows X-PACT has growth 

delay effect, and demonstrate the feasibility of X-PACT treatment. 

1.2 Commissioning X-PACT on medical LINAC 

Kilovoltage x-ray source in the clinical setting is mostly used for diagnostic 

purposes. In radiation oncology on board imager (OBI) is used for treatment alignment 

verification. The X-PACT treatment uses a kV OBI mounted on a linear accelerator 

(LINAC) as treatment source. The advantage of using the OBI system is that it can utilize 

the external beam radiation treatment setup [1]. Comparing to dose administrated by 

diagnostic procedure, X-PACT treatment requires a significant higher prescription dose 

[7]. AAPM task group has guidelines for commissioning and quality assurance for OBI 

system and many other research has been done on the quality assurance of the OBI [8-

13]. However, since we are using the OBI system for therapeutic purpose, additional 

commissioning is necessary for accurate treatment [8]. In the paper, X-Ray- Psoralen 

Activated Cancer Therapy (X-PACT) Utilizing a Diagnostic kV Imaging System, the 

commissioning process for X-PACT treatment is discussed in detail [1]. Dosimetry 

measurements were made including half value layer (HVL), percent depth dose (PDD), 

backscatter factors (BSF), collimator scatter factor, off axis ratio and quantification of 

leakage through the collimators [1,8]. The measurements were made using ion chamber, 

optically stimulated luminescence (OSL) dosimeters, parallel plate chamber and 
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Gafchromic film. The paper also introduced a formalism for absolute dose calculation 

for X-PACT treatment (Equation 1) [1]. 

𝐷 𝐹𝑆, 𝑑, 𝑙, 𝑆𝑆𝐷'()*'

= 𝑚𝐴𝑠 ∙ 𝑂𝐹*1( 𝐹𝑆()2, 𝑆𝑆𝐷()2 ∙
𝜇)4
𝜌 *1(

6

*1(
∙
𝑆𝑆𝐷()27

𝑆𝑆𝐷'()*'7

∙ 𝐵 𝐹𝑆9:(2*;), 𝑆𝑆𝐷'()*' ∙ 𝑆; 𝐹𝑆<=*>) ∙ 𝑃𝐷𝐷@@ABCD 𝐹𝑆9:(2*;), 𝑑

∙
𝑆𝑆𝐷'()*' ∙ 𝑆𝑆𝐷()2 + 𝑑
𝑆𝑆𝐷()2 ∙ 𝑆𝑆𝐷'()*' + 𝑑

7

∙ 𝑂𝐴𝑅 𝑙  

This formalism allows calculation for the x-ray tube current (mAs) input to deliver 

required amount of dose at specific location. This formalism is designed based on dose 

calculation in water. 

1.3 Phase I canine trial 

X-PACT treatment is studied in phase I canine trial. The clinical trial treatments 

were delivered by NCSU College of Veterinary Medicine and approved by Institutional 

Animal Care and Use Committee (IACUC). Eligible dog patients are selected and 

offered to participate in the clinical trial. During treatment consultation, physicians 

would examine the tumor and estimate the tumor size. Then the treatment planning is 

done in ARIA/Eclipse with phantom image set. The treatments use single beam at Linac 

gantry angle 90 degrees, which puts the OBI head at 0 degree right above the treatment 

couch. The dose is delivered in fractions and pulses to avoid overheating the x-ray tube. 
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Uvadex is a psoralen medicine chemical and is mixed with the phosphor for the 

treatment. On the treatment day, the patient is positioned on the treatment couch, and 

the physicians would align the field with fiducials and set up the patient to appropriate 

source to surface distance (SSD). CBCT images are acquired after the treatment. For 

phase I trial, 6 cases were studied. In this thesis, each dog study is simulated with the 

Monte Carlo model. 

1.4 FLUKA Monte Carlo package and Flair 

FLUKA Monte Carlo simulation package is a Fortran language-based computer 

algorithm. The origin of FLUKA traces back to 1960s at European Organization for 

Nuclear Research (CERN) as a non-analogue code developed by Johannes Ranft for 

designing proton shielding [14,15]. The first generation of FLUKA was used mainly for 

radiation studies in the early days. The FLUKA we use today is the third generation of 

FLUKA, a complete re-design of the previous FLUKA generations. The modern FLUKA 

package has diverse applications: cosmic rays, neutrino physics and radiotherapy to 

name a few [14]. 

The Combinatorial Geometry (CG) package developed for FLUKA enable 

simulation with very complex structure and geometry (up to 10000 regions). The CG 

package increases the efficiency and accuracy of FLUKA by adding additional structures 

and creating a flexible tracking strategy [15]. The CG package also includes voxel 
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geometry for importing DICOM images. A geometry debugging system was also 

developed to identify any geometry problem within a model. 

FLUKA comes with a user interface, Flair.  Flair helps users to create and edit 

FLUKA input files [16]. Instead of manually writing inputs into a Fortran code, Flair 

provides visualization of the geometry and generates a well-formed input file 

automatically. The applications of Flair go beyond just an input editor. Users can run the 

simulation and process the output in Flair as well [16]. Flair requires little programming 

knowledge to operate and is easy for Monte Carlo simulation beginners to work on. 

For this project, FLUKA was the appropriate package since it allows us to easily 

model the Varian On-Board ImagerTM geometry, and with limited coding training, Flair 

helps with making the simulation files. The interactive visual geometry feature makes 

the simulation more accessible to non-experts. FLUKA has shown potentials for medical 

applications [17-19]. 

1.5 Scope of the Thesis 

This thesis focus on using a Monte Carlo model for X-PACT. Since the treatment 

utilizes a low energy diagnostic x-ray source to treat, the dose effects of tissue 

heterogeneity are substantial in clinical treatment [20]. Without any other treatment 

planning algorithm for dosimetry, a Monte Carlo model would provide more accurate 

dose distribution to the treatment. The specific aims and goals include: 
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1. Develop and optimize the Monte Carlo model to simulate 80 kV X-ray 

source based on Varian On-Board ImagerTM, and validate the model with 

commission data. 

2. Investigate the medical application of the FLUKA Monte Carlo model, 

and apply the Monte Carlo model on phase I canine trial data for dose 

distribution simulation.  
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2. Monte Carlo model development 

2.1 Model geometry 

To simulate the X-PACT treatment accurately, the treatment head must be 

carefully modeled to resemble the Varian OBI system [1, 21-24]. Varian provided a 

Monte Carlo Data Package [25] for the OBI. The x-ray source geometry and collimator 

geometry is constructed based on this package. The specific geometry of the OBI system 

is Varian Oncology Systems confidential information and will not be discussed in this 

paper. The key elements of the Monte Carlo x-ray source include x-ray target, x-ray tube, 

filters, collimator and filed-size shaping blades. Flair’s interactive geometry interface 

allows us to examine the model (Figure 1). 

 

Figure 1: The simulation geometry of the x-ray source. The structure includes the 
X-ray tube, tube housing, x-ray target, exit window and pre-filter. 

e- beam	
X-ray	target

Exit	window

X-
ra
y	
tu
be

Pre-filter
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The 80 keV electron beam is simulated to hit the x-ray target, generating x-ray 

photons in the downward direction in Figure 1. The photons go through pre-filter before 

leaving the vacuum x-ray tube. The exit window is defined by lead collimator. The 

collimator is fixed and projects a maximum field size of 50 ´ 50 cm2 at 100 cm SSD. At 

the end of the exit window, another Aluminum filter is applied. 

2.2 Simulation of 80 kV x-ray spectrum 

Using the model described above, we created two scoring cards in FLUKA to 

record the photon energy and fluence. The first measurement is made at 2 cm below the 

x-ray target, and the collection area is 2 ´ 2 cm2. This location is right before the pre-

filter, and it would collect all the photons generated from the target in the downward 

direction. The Collection area eliminates the photons that are completely off-axis and 

ensures that we would only collect photons that would approximately reach the exit 

window. Figure 2 shows the spectrum collected at this location. 
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Figure 2: 80 kVp x-ray spectrum collected before filter at 2 cm below the x-ray 
target. The x axis is energy in kV, the y axis is the possibility of the energy occurring. 
We see a lot of low energy photons. 

The second measurement is made after the collimation and filters, at 9.1 cm 

below the x-ray source in the center with a measuring area of 6 ´ 6 cm2. The spectrum of 

this measurements resembles the actual 80 kV x-ray spectrum (Figure 3). The excessive 

low energy photons are successfully removed by the filters. 
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Figure 3: 80 kVp spectrum collected at 9.1 cm away from the x-ray source. The x 
axis is energy in kV, the y axis is the possibility of the energy occurring. 
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2.3 Photon source simulation using source file 

The quantum efficiency of useful photons generation by simulating electron 

beam as primary particle limits the efficiency of the model. Thus, we used spectrum 

information collected to generate a phase space file and integrate it into the FLUKA code 

[19]. The phase space file allows us to simulate photons as the primary particle which 

dramatically reduces the simulation time and improves the simulation efficiency. In the 

previous section, we made two spectrum measurements. The phase space file uses only 

the second spectrum measurements. The advantage of choosing this spectrum is 

obvious; it doesn’t contain low energy photons which aren’t useful to our simulation. 

Since we are simulating photons directly, we can simplify the geometry of the model by 

reshaping the x-ray tube and removing the x-ray target. The photons are simulated at 

the original location where electron beam hit the x-ray target. The geometry of the 

photon source simulation is shown in Figure 4. 
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Figure 4: The geometry of the photon simulation model. The X-ray tube has all 
the x-ray target taken away. Photon is simulated at the x-ray target location. 

Collimator and blades are included in this model. A water tank is placed under the 
source. The Monte Carlo model is significantly simplified, and simulation efficiency 

is improved. 
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Ch. 3: Simulation model validations 
It is standard procedure to validate the Monte Carlo model with actual 

measurements. Previously, we have simulated the spectrums of the 80 kV x-ray. 

Analyzing the spectrum suggests that the simulation is generating 80 kV x-ray with 

appropriate energy and fluence. By comparing the before filter spectrum and after filter 

spectrum, we determined the function of the filters. In this validation section, we will 

validate the Monte Carlo simulation model using two different methods, back scatter 

factor (BSF) and percentage depth dose (PDD). 

3.1 Back scatter factor simulation 

Back scatter factor is field size dependent. The formulism used to calculate back 

scatter factor (BSF) for each field size is shown in equation 3,  

          	𝐵𝑆𝐹(𝐹𝑆) = AJKLCB(M@)
AKNB(M@)

                                     Eq.3 

Dwater is dose computed in water and Dair is dose computed in air. Two 

simulations were done for each field size at SSD=50 cm. A schematic for both 

simulations is shown in Figure 5. 
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Figure 5: Simulation setup for back scatter measurements. On the left, the 
setup is for dose air measurements. The right setup shows the dose water 
measurements using a water tank. 

This simulation simulates photons directly using the phase space file. The 

simulation geometry was reproduced for in air measurements and for in-water 

measurements. For both conditions, the dose is collected in a 1 ´ 1 cm2 surface area and 

for 1 mm thickness. The in-water dose simulation uses a large water tank at SSD=50 cm, 

and the measurement is made on the surface of the water tank. 1.5 billion photons are 

simulated for each condition with 15 cycles.  The simulations are repeated for field size 

of 7.5 ´ 7.5 cm2, 10 ´ 10 cm2, 15 ´ 15 cm2 and 20 ´ 20 cm2.  
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Two sets of commissioning data measurements are compared to the Monte Carlo 

simulation result. The BSFs were measured with Gafchromic film (GafchromicTM EBT-3). 

Small pieces of film were suspended in air to make air dose measurement and placed on 

the surface of a water tank to make water surface dose measurement. The dose error 

reported by the manufacturer of the GafchromicTM EBT-3 is 1% or lower [23]. For the 

commissioning data, a 2mm location error is assumed. Then we plotted Monte Carlo 

BSF with film BSF in Figure 6. 

 

Figure 6: Back scatter factor comparison between Monte Carlo simulation data 
and Gafchromic film data, for SSD=50. Back scatter factor is the ratio of water surface 
dose to air dose. 
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The Monte Carlo simulation data shows good matching to the Gafchromic film 

data. Although for field sizes of 10 ´ 10 cm2 and 15 ´ 15 cm2 the simulated results are 

lower than film measurements, the differences are within two error bars.  

3.2 Percentage depth dose simulation 

Percentage depth dose (PDD) is an important commissioning data. Matching the 

Monte Carlo simulation PDD data to the commissioning data will give us reassurance 

that the Monte Carlo model not only gives a good representation for surface dose but 

also maintain accurate for dose penetrating the material. We create a water tank at 80 cm 

SSD directly under the x-ray source and make dose measurements along the central axis 

every 0.25 cm from depths of d=0 cm to d=16 cm. This simulation uses the phase space 

file to simulate photon as the primary particle, and runs 1 billion histories total in 10 

cycles. The dose is normalized to the surface. PDD data is field size dependent. We 

made simulation for FS= 3 ´ 3 cm2, 8 ´ 8 cm2 and 32 ´ 32 cm2. Representing small normal 

and large field size, since the maximum field size for the model is 40 ´ 40 cm2.  

Commissioning data were made using a parallel plate chamber (model PPC05, 

IBA Dosimetry). Solid water was place at 80 cm SSD and the parallel plate chamber 

made measurements every 0.5 cm depth. After the measurement, the data is normalized 

to 100% at surface. Since PPD is dependent on field size, commissioning data was 

performed for 8 ´ 8 cm. A small field size, 3 ´ 3 cm2, and a large field size, 32 ´ 32 cm2, 

was also measured. In order to compare the Monte Carlo simulation PDD curve to the 
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commissioning PDD curve, the Monte Carlo data was normalized based on the 

commissioning data. The Monte Carlo simulation data was normalized to have the same 

percentage as the commissioning data at 1 cm depth. Individual PDD curve is shown 

blow with commissioning data (Figure 7, Figure 8, Figure 9). 

 

Figure 7: PDD curve for 80 kVp x-ray at SSD=80 cm with field size of 8 ´ 8 cm2. 
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Figure 8: PDD curve for 80 kVp x-ray at SSD=80 cm with field size of 32 ´ 32 
cm2.  
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Figure 9: PDD curve for 80 kVp x-ray at SSD=80 cm with field size of 3 ´ 3 cm2. 

Among the three different field sizes, the normal field size, 8 ´ 8 cm2, shows the 

best fit between Monte Carlo simulation PDD curve and commissioning PDD curve. For 

small field size, 3 ´ 3 cm2, the simulated PDD curve is below the commissioning data, 

but the variation is within the error bars. At the surface, Monte Carlo PDD shows larger 

surface dose than the parallel plate chamber measured data by approximately 4%.   On 

the other hand, simulated PDD curve fitted with the commissioning data for large field 

size, 32 ´ 32 cm2, except the surface. At the surface, the commissioning data is 3% higher 
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than the simulated data. This discrepancy suggests that for small or large field size the 

Monte Carlo model maybe off by 3-4%. However, since the commissioning data was 

obtained separately from this study, the errors and uncertainty of the data was not take 

into consideration here. Comparing the three simulated PDD curves together (Figure 

10), the small field size has the steepest curve, and the large field size PDD falls out 

slowest. All three PDD curves share the similar pattern. 

 

Figure 10: PDD curves for 80 kVp x-ray at SSD=80 cm with different field 
sizes, 3 ´ 3 cm2, 8 ´ 8 cm2 and 32 ´ 32 cm2.  
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Ch. 4: Medical application  
This chapter covers the general information of FLUKA medical application, 

including how CT or CBCT images is converted into FLUKA’s voxel file, and how 

FLUKA process the voxel file for simulation. Data processing and analyzing method is 

also explain in this chapter with example. A flow chart is included to demonstrate the 

procedure (Figure 11). 
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Figure 11: Flow chart of the general procedures for FLUKA simulation using 
CBCT data. CBCT data is converted to FLUKA voxel file in Flair. Material input file 

and body matrix data file is used for the conversion. The voxel file is added to 80kV x-
ray simulation file. The orientation and position of the voxel geometry is adjusted to 
fit the simulation geometry. Material assignment is needed for FLUKA to associate 

materials to different HUs. USRBIN scoring card is used to record the simulation dose 
result. The simulation is run for 100 million events per cycle for 10 cycles. And the 

result is processed in SimpleGeo as dose distribution. 
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4.1 Processing CBCT data in Flair 

This section discusses how to generate voxel file in Flair. The CG package allows 

FLUKA to work with CT images. However, FLUKA cannot process CT images directly. 

DICOM images need to be transformed into a voxel file for FLUKA to read in and 

incorporate into the geometry. This process used to be tedious and require heavy coding 

in FORTRAN. Flair introduced a new platform for users to load the DICOM images and 

generate the voxel file automatically. This conversion in Flair is coded using Python 

language. The voxel file converts the DICOM images, in our case the CBCT scan, into a 

3-dimensional grid with small identical parallelepipeds (Figure 12). 

 

Figure 12: Voxel conversion for FLUKA. The sphere on the left represent a 
structure. After the conversion, it became a voxel geometry of a 3-dimensional grid in 

cartesian coordinate. The resolution of the grid is user defined in the X, Y and Z 
axises. 
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Each small parallelepiped represents one voxel, and the whole grid is treated as a 

single normal rectangular parallelepiped (RPP) structure in the geometry input. In Flair, 

DICOM images can be read in from the DICOM portal. In this interface, we can look at 

the CBCT and the header of the scan is also extracted. The origin of the scan is kept as 

default original position. Before transforming the CBCT images. We need to load in two 

additional files. A material input file and a body matrix data file. These two files are 

located in the Flair directory and are automatically included in every flair installation. 

The material input file is developed by Andrea Mairani and is used as a default material 

input file [14, 18, 19]. Flair generates the voxel file, without additional specification, the 

voxel card can be automatically inserted in the input file. Figure 13 shows a comparison 

of a slice of CBCT images and the same slice voxels generated in Flair. Dog CBCT data is 

used as an example in this chapter. 
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Figure 13: CBCT slice compare with FLUKA voxel slice. The CBCT on the left 
is plotted in Matlab. On the right is a voxel slice generated in Flair. The solution of 
the CBCT image is 0.48 mm ´ 0.48 mm. The Voxel file has the same resolution with 
grid size of 0.48 mm ´ 0.48 mm. 

Flair allows us to define the size of each voxel, and in figure 13 the voxel file has 

the same resolution as the CBCT since the parallelepipeds have the same size as the 

CBCT pixels. Each voxel carries the Hounsfield Unit information from the CBCT. The 

HU are grouped into different range based on the material input file. FLUKA defines the 

HU groups as organs and determines that HUs in the same range are made of the same 

tissue or material. For example, two HUs -1011 and -1012 both falls into the -1015<HU<-

1010 range, so they are defined with the same material. 

4.2 Voxel geometry 

This section covers adding voxel file to simulation and adjusting voxel file 

geometry. When inserting the voxel file into the simulation input file, the voxel file acts 
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like one RPP structure. The volume and shape of the voxel RPP structure are pre-

determined and cannot be manipulated. If inserted automatically, the voxel file will be 

put in the location documented in the DICOM header. The voxel file can be manually 

positioned as well.  

However, in FLUKA voxel geometry is built based on the first voxel. In our case, 

the CBCT origin will be the first voxel. The only location we can define is the first voxel 

location. The voxel file keeps the orientation of the original scan. Then FLUKA 

populates all the voxels in the +X, +Y and +Z directions. This geometry can be 

problematic since the scanning orientation and the treating orientation is different. In 

scanning, the Z direction is parallel to the treatment couch, and the X-Y plane is vertical 

to the couch. In treating geometry, the beam from the x-ray source is set to go down in 

the Z axis. When loading the voxel file into the simulation, the voxel geometry still goes 

in the +X, +Y and +Z direction based on the location of the first voxel. The correct 

geometry is obtained when the beam is coming down vertically to the X-Y plane. Thus, 

the proper voxel geometry is transforming each CBCT slice into the X-Z plane, and the Y 

axis should be going along the slices. This orientation problem can be solved by 

applying a rotation factor of 90 degrees with respect to the X axis. Figure 14, 15 shows 

the before rotation voxels position and the after-rotation location. 
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Figure 14: Incorrect voxel geometry for treatment simulation. The image is 

displayed in the X-Z plane for the simulation geometry. The x-ray beam goes down 
the Z axis. And the voxel file converted from CBCT shows in the frontal view of the 

patient. Before rotation, the voxel file shows incorrect orientation. 
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Figure 15: Correct voxel geometry for treatment simulation. The image is 
displayed in the X-Z plane for the simulation geometry. The x-ray beam goes down 
the Z axis. Voxel file is converted from CBCT data. After rotation, the voxel file 
properly orientated. The beam goes down Z axis and the sliced goes into the Y axis.  

With the correct orientation, the next step is to adjust the position of the voxels to 

match the actual treatment. This can be done by adjusting the first voxel location. 

FLUKA applies the rotation to the voxels after reading in the voxels, so we need to 

calculate the adjustment before the rotation that is going to give us the result we want 

after the rotation. During actual treatment, the alignment used fiducials to align the 
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beam center. We examined the voxels to find the fiducials and locate the center of 4 

fiducials (Figure 16). Then the location of the voxels is adjusted for alignment, and the 

SSD is set to the center of the fiducials as well. 

 

Figure 16: 3D structure of the voxel file in Flair interactive geometry. The four 
fiducials are shown on the surface circled by the red boxes. This voxel file is 

generated from CBCT scan. 

4.3 Material assignment and scoring 

Assigning materials to appropriate HUs and creating scoring card, are discussed 

in this section. Voxel geometry is an RPP structure, but each voxel carries different 

information. In FLUKA each voxel is treated as a separate region. Only one geometry is 

created, but this geometry is divided into as many regions as the number of voxels. This 

allows us to assign different materials to each voxel. Previously we processed the 
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DICOM images in Flair using the material input file provided by Flair. In the material 

input file, each HU group is defined as a mixture of materials like oxygen, carbon, 

sodium, hydrogen, etc. The compositions of different materials change as the HU 

increases. This material input file is not only useful for processing the DICOM images. It 

is also critical to link this input file to our main simulation file since we are assigning 

materials to each voxel. The easiest way to do this is by copying the content from the 

material input file to the simulation input file. In the input file the materials are not 

labeled with the material number, so we need to go back in Flair and add the material 

number to each card. This material number should not be conflicting with the material 

number already assigned in the simulation input file. A segment of the HU group 

material assignment card is shown in Figure 17. 
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Figure 17: A segment of the material cards for the HU groups. A material card 
is created followed by a compound card to define the material with a mixture of basic 

materials. f1,2,3… stand for the fractions of the materials, and m1,2,3… are the 
different materials. 

To detect the result, we use the USRBIN card. A USRBIN card is a regular spatial 

mesh detector that can be used to calculate and record user defined quantities. The 

spatial mesh is divided into dins in X, Y and Z directions, and the number of bins in each 

direction can be defined manually. USRBIN card doesn’t interact with the geometry. It is 
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not a physical detector. It is just defining a region we want to record the result. We will 

be collecting dose information with the USRBIN card. While generating the voxel file, 

we have the option to generate a USRBIN scoring card automatically through flair, and 

this scoring card will have the same shape and geometry as the voxel. However, in our 

case, since we rotated the voxel geometry, we should create a USRBIN scoring card 

manually and make sure it covers the same region as the voxel. We created the bins to be 

the same size as the voxels. So, the CBCT, the voxel file and the collected result share the 

same resolution. All simulation components are prepared, and we can run the 

simulation. 

4.4 Data processing in SimpleGeo 

After running the simulation, we will continue to analyze result. SimpleGeo 

(Version 4.3.3) [27] was initially developed as an interactive software to create geometry 

structures for FLUKA. It is also a power tool for visualizing the model and data. Voxel 

visualization in Flair is hard to work with, and the plotting of the associated simulation 

results is not intuitive. DaVis3D (Version 4.2.8) [27] is a plugin macro for SimpleGeo. It 

enables us to plot voxel files and simulation results generated by FLUKA. To plot the 

dose distribution on top of the voxel file, we would need to load in two DaVis3D 

plugins. This can be done by simply duplicating the plugin in the plugin directory, and 

open them separately in SimpleGeo. The voxel file and the dose distribution collected in 

the USRBIN file can be load in separately into each plugin. DaVis3D allows the user to 
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normalize the plot. For the voxel file, no additional normalization is needed. A 

Grayscale color map would be appropriate. For the USRBIN data file, a normalization 

factor can be applied to calculate relative dose. The locations and orientation of the voxel 

file and the USRBIN data file will be different since we rotate the voxel file in FLUKA, 

and the USRBIN location matches the location of the voxel file after rotation. Thus, 

similar rotation and location adjustment is needed. This can be done by setting a 

transformation matrix and rotation factor in the setting manual. After aligning the two 

structure, we can adjust the transparent parameter for optimal visualization. A slice of a 

dose distribution overlay on the voxel file for the example dog CBCT data is included in 

Figure 18. 
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Figure 18: Slice of dose map overlay on voxel file. Voxel file is plotted with 
gray color palette, and the dose map color map for is shown. The dose data is 

normalized to the prescribe dose. 

DaVis3D also gives us the option to export data for any slice or project as 2D 

matrix or vector. In Figure 19, a line dose profile data is exported, and plotted in Matlab. 
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Figure 19: A line dose profile for the slice shown in Figure 18. The depth is 
depth below the skin surface, and the dose is normalized dose. The line goes through 
a bone structure, showing on the line dose profile as the spike at around depth 7 cm to 

8 cm. The line location is shown as the dotted line. 

  



 

36 

Ch. 5: Phase I canine trial X-PACT treatment dose 
simulation 

This chapter we apply the FLUKA Monte Carlo model to the 6 dog studies of X-

PACT phase I canine trial. As introduced previously in the introduction section, this 

clinical trial is approved by IACUC and performed at NC State Veterinary School. 

5.1 Treatment information 

During the pre-enrollment check, physicians diagnose the tumor and determine 

if the patient is appropriate for this study. Two physicians at NC State Veterinary School 

will measure the tumor size individually to determine the tumor volume. The diagnostic 

information for all 6 dogs is gathered into Table 1.  
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Table 1: Diagnostic information including tumor location, tumor type and 
tumor size for 6 dog studies. 

Study 

# 

Tumor location Type of tumor Tumor size on skin 

(cm) 

1 Right side snout Oral melanoma 7.0 ´ 5.7 

2 Anal Sac Adenocarcinoma 5.5 ´ 4 

3 Right cranial 

abdominal 

Mammary tumor 4.2 ´ 4.2 

4 Left mandible Acanthomatous 

ameloblastoma 

2.0 ´ 4.4 

5 Right maxilla Plasma cell tumor 7.0 ´ 5.5 

6 NA NA 2.5 ´ 2.5 

 

The dog study in then sent to Duke University for treatment planning. The 

treatment plans information for all 6 dogs is shown in Table 2. The information comes 

from the dose calculation worksheet. The dose calculation worksheet is used to calculate 

the required mAs and the number of pulses for each treatment. The equivalent squared 

field size at surface is converted from the blade settings for X and Y. The treatments are 

fractionated, and the prescription dose is for each fraction. For all 6 treatments, the 

treatment source is the OBI head using 80 kV, and all plans use one beam. The gantry 

angle is 90 degrees so the OBI head is at 0 degree. 
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Table 2: Treatment planning information including SSD, equivalent squared 
field size, prescription dose and prescribed depth. 

Study 

# 

SSD 

(cm) 

EqSq field size at 

surface (cm2) 

Prescription dose 

(cGy) 

Prescribed Depth 

(cm) 

1 54 8.7 54 2.5 

2 50 6.9 100 4.8 

3 56 7.1 100 2 

4 56 4.8 60 2 

5 54 6.5 45 2.6 

6 50 4.6 60 2.2 

 

A table of each dog treatment picture is also included in Table 3. 
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Table 3: Treatment pictures for 6 dogs. 

Study 

# 

Treatment picture 

1 
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2 

 

3 
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4 

 

5 
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6 

 

 

5.2 Simulation procedures 

In the previous chapter, we discuss the general procedure for medical 

application. This chapter covers specific procedures for the phase I canine trial 

simulation. Figure 20 shows a summary procedure flow chart for this section. 
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Figure 20: Flow chart summarizing the procedures for Phase I canine trial 
simulations. Slice location information is needed for loading CBCT images of each 
dog study. The sorting process is done in Matlab. The sorted CBCT data is converted 
into voxel file for Monte Carlo simulation. CBCT images contain information of the 
fiducials used during actual treatment to align the radiation field to the target area. 
The fiducials are identified in the CBCT images and the location of the fiducials are 
used to determine the voxel file location in the simulation geometry. General 
procedures for FLUKA simulation using CBCT data, explained in chapter 4, is applied 
for Phase I Canine trial simulation. 

 After exporting the CBCT images from Eclipsetm treatment planning system, the 

CBCT data needs to be processed in Matlab before loading into FLUKA. Slice location 

header information needs to be added to each slice, and save the sorted CBCT images. 
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Then the sorted CBCT is converted into voxel file and added to the simulation geometry. 

The voxel is first placed at the center of the beam symmetrically. The CBCT image 

resolution is the same with normal CT resolution, 512 by 512 pixels. The orientation 

problem discussed in the previous chapter determined that we will be applying a +90-

degree rotation with respect to X-axis to all 6 studies. The next step would be changing 

the simulation field size. In the simulation for the Phase I canine trial, equivalent square 

field is used. Because in the simulation we don’t have light field to align the fiducials to 

the edges of the light field. Thus, using exact treatment blade settings can cause error in 

the alignments. Instead the center of the four fiducials is picked to be the center of the 

field.  

Visualizing the four fiducials in Flair is possible but not guaranteed since the 3D 

rendering in Flair can be hard to work with and the four fiducials may not be visible on 

the same surface (Figure 21).  
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Figure 21: 3D rendering of the voxel structure. The color for the voxel structure 

is predetermined in Flair interactive geometry window based on the voxel file. a) 

voxel structure for dog study 3. In this 3D rendering, only three fiducials can be 

identified. The tumor outline is based on estimation since the fourth fiducial is 

blocked. b) voxel structure for dog study 6. In this 3D rendering, all four fiducials can 

be visualized.  

b)

a)a)
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Thus, the CBCT images are used to locate the fiducials. First we need to identify 

the four fiducials and locate them in the CBCT images. The information of the four 

fiducials can be collected, and used to predict the center location. In figure 22, we use the 

CBCT images of dog study 6 as example to demonstrate locating the four fiducials in 

different slices of the CBCT images. The CBCT images are in transverse view.  

 

Figure 22: Four CBCT slices from dog study 6 containing the fiducials. The red 
dots indicate the locations of the fiducials. The slice locations are -1.7 cm, 0.7 cm, 4.8 

cm and 5. 6 cm. 

Both X and Y locations can be directly calculated using the average of the four 

fiducial locations. Z location is going to be used as the surface location. By adjusting the 

X and Y locations to the center, we can zoom in and measure the surface location (Figure 

23). 
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Figure 23: Final geometry of the experiment set up in Y-Z plane for dog study 
6. This is a coronal plane view. The voxel structure color is determined by Flair 

automatically. The beam position is demonstrated by the blue shaded trapezoid. The 
X, and Y location is adjusted to the center, and the Z axis location at X=0 and Y=0 can 

be readout and adjusted. 

The adjusted locations for the first voxels is included in table 4. This setting 

ensures that the center of the four fiducials are at the center of the field and the voxel file 

surface is at the treatment SSD. 
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Table 4: Voxel file location input for the first voxel 

Study # X input Y input Z input 

1 -3.17 46.7 -10.95 

2 -13.87 42 -8.9 

3 -13.5 45.3 -7.4 

4 -6.57 48.5 -4.8 

5 -8.85 48.5 -8.5 

6 -6.65 -46.4 -9.1 

 

 If no troubleshooting is needed, the simulation is ready to run.  

5.2.1 Debug: voxel file exceeds maximum region threshold 

FLUKA’s default limit for region number is 1,000. By adding a GLOBAL card at 

the beginning of the simulation, the threshold for maximum regions increases to 10,000. 

FLUKA would not be able to process simulation with more than 10,000 regions. The 

voxel region is generated based on the CBCT images. For dog study 1, the voxel file 

produce more than 12,000 voxel regions. To reduce the voxel regions, reduced sampling 

of the CBCT data is tested. Reduced sampling for CBCT data is done in Matlab by 

extracting the original CBCT data into a matrix. For two times reduced sample, we 

delete information for every other rows and columns and duplicate the kept date to 
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keeping the same image size. CBCT images with two times and four times reduced 

sampling were tested, and the CBCT image quality comparison is shown in Figure 24. 

 

Figure 24: Image quality comparisons of the slice 20 dog study 1 CBCT. a) 
Original CBCT image. b) Two times reduced sampling. c) Four times reduced 
sampling. Resolution of the image is compromised slightly when applying reduced 
sampling. In general, both b) and c) is a good approximation for a). 

The 2 times reduced sampling brought the voxel regions down to 11,000 and the 

4 times reduced sampling gives 12,000 voxel regions. Thus, reducing image resolution 

and quality is not an effective way to solve our problem. The next thing to try is 

reducing the CBCT images by cropping out the background before voxel conversion 

(Figure 25). Cropping the background both proven to be unsuccessful. The region 

number remains above the maximum threshold. 
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Figure 25: CBCT image of slice 20 dog study 1. The yellow square shows the 
selected area. Background is cropped out of the selected area, and only the selected 

volume is converted to voxel file. The cropped voxel file contains 12918 regions. 

Considering the mechanism of voxel generation in FLUKA, the problem of 

excessive voxel region is not because of the background, and simple reduced sampling 

wouldn’t be helpful as well. Dog study 1 used lead to shield the dog’s eyes, and this 

structure is captured by the CBCT scan. The lead structure is investigated by segmenting 

out the regions containing and near to the lead shield (Figure 26). 
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Figure 26: CBCT image slice from dog study 1 containing the lead shield. The 
yellow rectangle is the selected area which is used to generate voxel file. 

The voxel file for just the lead shield and the area around the lead shield has 

more than 12,000 regions. The lead shield is the problem in our voxel file. Thus, we need 

to exclude the lead shield to get a working voxel file with regions below the threshold. 

Dog study 4 also have the same problem. The CBCT data has included a metal 

device used to position the dog. Cropping out the metal device, the voxel regions 

reduced below allowed number. 
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5.2.2 Debug: excessive cropping 

For dog study 1, cropping out the lead shield leads to cropping out some part of 

the dog body as well. Since FLUKA can only convert the CBCT images to RPP structure. 

The after cropping volume need to be a RPP structure as well. Figure 27 shows the 

selected area. 

 

Figure 27: CBCT image slices show the image cropping. The yellow rectangles 
are the selected volume. From the middle image, we see that part of the lead shield is 

still included in the voxel file. The last image shows that the selected volume includes 
the fiducial to avoid cropping out the treating site. 

The reason we keep the background instead of cropping out the background for 

a smaller volume that is closer to the dog body is because FLUKA need the background 

as a calibration voxel region. If all the voxel regions are useful data, simulation won’t 

proceed and an error is reported stating that part of the voxel geometry is missing.  

The same rule applies to dog study 4. For dog study 4, since the metal device is 

used externally, cropping out the metal device doesn’t lead to cropping out the dog 

body (Figure 28). 
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Figure 28: CBCT image slices show the image cropping. The yellow rectangles 
are the selected volume. Image on the left shows the metal device. Cropping out the 
metal device doesn’t affect the data very much since the dog head is still within the 
selected volume. 

5.2.3 Debug: simulation stops in USRBIN 

As described in chapter 4, we aim to create a USRBIN scoring card with same 

resolution as the CBCT and voxel file. For many dog studies, the resolution is 512 by 512 

pixel for the images and 173 slices. The USRBIN card will be a 512 by 512 by 173 mesh. 

Running the simulation will lead to simulation stops in USRBIN. By tracing the 

simulation log, the bug in the simulation shows that there is not enough memory 

position for sufficient space allocation. This bug is due to the large number of bins in 

USRBIN card. The maximum memory allocation for each USRBIN scoring card is hard 

wired in FLUKA library.  512 by 512 by 173 exceed the maximum memory allocation.  

To solve the problem, the number of bins must be reduced below threshold. There are 
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two easy solutions. First solution: use larger bin size. For example, reduce the bin size to 

256 by 256 by 173. Second solution: divide the USRBIN into multiple USRBIN cards each 

individual card covers part of the volume. The first solution is used in this study, since it 

is more straight forward and less prone to error. 

5.3 Simulation results 

The new voxel file is loaded to the simulation input and the location is adjusted. 

The simulation is run for 10 cycle and one hundred million events per cycle. The 

simulation data is compiled in Flair and analyzed in SimpleGeo. The dose is normalized 

to the prescription dose at the prescribed depth as discussed in the previous chapter.   

5.3.1 Dog study 6 

Simulation dose data is normalized to the proscribed dose. The dose distribution 

is plotted in side by side with CBCT image in Figure 29. 
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Figure 29 : Dog Study 6 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 92. The location for this slice in the 

simulation is at the center of the radiation field. 

 

In Figure 30, the sagittal view, transverse view and coronal view of the dose 

distribution is shown. 
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Figure 30: Dose distribution showing in Transverse view, sagittal view and 
coronal view. The transverse plane and sagittal plane shown are at the center of the 
radiation field. The coronal plane is positioned at 4 cm depth under surface. 

 A 3D rendering of the dose distribution is created (Figure 31). 
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Figure 31: 3D rendering of the dose distribution for dog study 6. The x-ray 
beam is radiating on the dog head from the top. 

A closer look at the dose variation for the central axis line dose profile. The line is 

at the center of the radiation field. The line dose profile is collected by averaging the 6 

data points around each point. The line dose profile is plotted in figure 32. 
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Figure 32: Dose profile for the central axis line of the radiation field. The 
position of the line is shown as the line of the intersection of the transverse plane and 
the sagittal plane. Dose is normalized to the prescription dose 80 cGy at 2.2 cm depth. 

By manually probing the dose distribution, we can get the dose information for 

different structure. In Figure 33, we show the dose comparison between the skin dose 

and bone dose. 
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Figure 33: Dose comparison between prescription dose, skin dose and bone 
doses. Bone #1 is at depth around 2 cm, and bone #2 is at depth around 3 cm. Skin 
dose is the surface at the center axis. Each dose measurement was an average of 6 
probing data manually selected for the structure. 

5.3.2 Dog study 1 

The dose distribution is collected for the selected volume and is plotted in Figure 

34. 
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Figure 34 : Dog study 1 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 79. The location for this slice in the 

simulation is at the center of the radiation field. 
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A line dose profile for this slice is analyzed. To obtain the dose profile, the line 

dose is collected by averaging the 6 data points around the points. The line dose profile 

is plotted in Figure 35.  

 

Figure 35: Dose profile for the transverse slice along the central axis under the 
surface. Dose is normalized to the prescribed dose. The error is plotted as dotted lines 

beside the profile. Figure 30 is included as a preference for the anatomy and dose 
distribution, showing the CBCT image of the profile slice. The blue line indicates the 

dose profile. Peaks in dose profile correspond to bone structures. 
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From the line dose profile, the surface dose was 286.81 cGy which is substantially 

higher than the prescription dose, 100 cGy. Bone structures at 3 cm depth received more 

than 300 cGy dose, and bone structure at 5 cm depth received more than 200 cGy dose. 

5.3.3 Dog study 2 

Dose distribution was collected for this study and plotted in Figure 36. 

 

Figure 36: Dog Study 2 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 82. The location for this slice in the 

simulation is at the center of the radiation field. 
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5.3.4 Dog study 3 

The dose information is collected and normalized to the prescribed dose. The 

dose distribution is plotted (Figure 37). 

 

Figure 37: Dog Study 3 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 76. The location for this slice in the 
simulation is at the center of the radiation field. 

5.3.5 Dog study 4 

Dog study 4 has no information of fiducials. From the treatment report, the 

treatment planning CT, and the CBCT data, the treatment site for this study had to be 
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estimated, and the location of the center of the radiation field was estimated as well for 

the simulation. Dose distribution was collected for this study and plotted in Figure 38. 
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Figure 38: Dog Study 4 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 49. The location for this slice in the 
simulation is at the center of the radiation field. 



 

66 

5.3.5 Dog study 5 

Simulation dose data is normalized to the proscribed dose. The dose distribution 

is plotted in Figure 39. 

 

Figure 39: Dog Study 5 CBCT image side by side with Dose distributions. The 
CBCT image is transverse view. Slice number is 86. The location for this slice in the 

simulation is at the center of the radiation field. 
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Ch. 6: Future work 
This thesis demonstrates the ability to simulate the X-PACT treatment using 80 

kVp x-ray source and clinical CBCT data. Dose simulations are done for all six Phase I 

canine trial dog studies. Although the focus of this thesis is to create and validate the 

Monte Carlo model and apply the model to clinical trial data, there is much to be done 

with the simulation dose data. Absolute dose calculation is one of them. The dose 

distributions plotted above are relative dose normalized according to the prescription 

dose at the prescribed depth. Monte Carlo model is capable of generating absolute dose 

simulation result. The quantum efficiency of the photon generation from electron beam 

hitting the x-ray target needs to be analyzed for absolute dose calculation. 

Looking into the future, the Monte Carlo model can be used for X-PACT 

treatment planning. Specifically, to calculate dose to skin and dose to other critical 

organs. As the dose distribution shown above suggested, bone dose and surface dose are 

significantly higher than prescription dose. An optimization program can be developed 

to optimize the radiation damage to normal tissue or critical organs. Dose-volume 

histogram (DVH) can be generated using the dose distribution data. Segmentation of 

each organ needs to be done using the CBCT data. Dose information for each organ can 

be extracted from the USRBIN file using the segmentation information.  
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