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Background: The use of high-Z nanoparticles as radiation dose enhancers has been 

researched thoroughly over the past decade. High-Z nanoparticles introduced to a 

medium increase the probability of photoelectric absorption. This leads to an increase 

in the production of short range characteristic and Auger electrons and, thus, local 

radiation dose. These effects can be simulated by Monte Carlo codes. 

 

Materials and Methods: The EDKnrc user code of EGSnrc was used to simulate a 

simple spherical geometry. A 20 keV monoenergetic photon point source was 

positioned in the center of an air cavity sphere. A spherical shell composed of water-

only or a concentration of platinum nanoparticle (PNP) in water the air cavity. A shell 

containing only water was placed around the outside. Simulations were run in the 

EGSnrc GUI on Microsoft Windows 10. Percent depth dose (PDDs) curves were 

calculated for each simulation. An additional simulation placing the concentration of 

PNPs in water at a different depth was used to investigate the accuracy of the code for 

interface effects for both low/high-Z and high/low-Z interfaces. 

 



 

 

 

  

 

Results: PDD curves in the zones containing some concentration of PNPs in water 

were to found attenuate faster than if the zone only contained water. There was a 

sudden drop in the PDD curves at the concentration of PNPs in water to the water-

only interfaces for each simulation, which indicated a significant difference in the 

absorption of photons. The interface effects simulations showed a small increase in 

dose prior to the low/high-Z interface followed by a sharp drop in dose at the 

high/low-Z interface. 

 

Discussion: The faster attenuation in the simulations containing PNPs indicated that 

radiation was being absorbed more quickly than in the simulations containing only 

water. In addition, the sharp drop in PDD curves at the interfaces indicated that the 

outer water-only zone was being shielded by the PNP-water mixture zone. The 

interface effects simulations showed that the EGSnrc was accurately modelling the 

dose perturbations at the macro scale but was not as accurate in the micro scale. 

 

Conclusions: Although many simplifications were used in these simulations, the 

results may have some clinical significance. For example, intraoperative radiotherapy 

with an Intrabeam device uses a spherical geometry. Injection and distribution of 

PNPs prior to surgery could lead to large increases in radiation dose to the target 

volume while simultaneously shielding the non-target volume. More research is 

needed, which includes using more sophisticated codes and accurate modelling of 

PNP distribution in tissue, before PNPs can be used clinically. 
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Simulating the dose enhancement effects of platinum nanoparticles in a 

spherical geometry with Monte Carlo calculations 

 

 

 

 

 

 

 

1 Introduction 

 

 The topic of radiation dose enhancement due to high-Z nanoparticles has been 

a beacon of scientific interest for over a decade. Studies have been done in vitro, in 

vivo, and, most commonly, using computer simulations such as Monte Carlo. GNPs 

are currently the gold standard of nanoparticle dose enhancement research; however, 

the purpose of this work is to study the dose enhancement and shielding effects of 

PNPs in a water mixture and investigate potential clinical applications in a simple 

spherical geometry using the EDKnrc user code of EGSnrc. 
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2 Background 

 

2.1 High-Z Nanoparticles and Radiation Dose Enhancement 

 

2.1.1 Properties and Composition of High-Z Nanoparticles 

 

 Nanoparticles are very small particles that are synthesized in a laboratory. The 

diameter of nanoparticles is typically between 2 and 400 nanometers (Hossain, 2012). 

Nanoparticles are used in a variety of medical applications (Berg, 2015). This thesis 

focuses on the radiation dose enhancement properties of high-Z nanoparticles. 

 The atomic number, also known as the Z-number, is used to simultaneously 

indicate the number of protons in the nucleus of an atom and the number of its 

orbiting electrons (Khan, 2014). Thus, high-Z nanoparticles are composed of 

elements that have relatively high Z-numbers. Elements of interest in current research 

include platinum (Z = 78), gold (Z = 79), and bismuth (Z = 83), though some studies 

use the medium-Z element silver (Z = 47) (Bergs, 2015).  

 The simulations done for this thesis involve platinum nanoparticles (PNPs), 

though the most common element used for high-Z nanoparticle dose enhancement 

research is gold (gold nanoparticles – GNPs). PNPs were chosen for the simulations 

in this thesis due to their higher atomic number density; PNPs contain approximately 

12% more atoms than GNPs of the same size, and the density of a mixture containing 

PNPs is higher than a mixture containing GNPs of the same concentration. 
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2.1.2 The Photoelectric Effect and High-Z Nanoparticle Dose Enhancement 

 

 The photoelectric effect is an interaction between ionizing photons and matter 

(Khan, 2014). Figure 1.1 shows a graphic representation of the photoelectric effect. 

The photoelectric effect involves an incident photon interacting with a target atom; 

the atom completely absorbs the photon’s energy, and the photon disappears. 

Immediately after absorbing the photon, the atom ejects an electron from one of its 

inner electron shells. This freed electron is known as a “photoelectron”. The kinetic 

energy of these photoelectrons (𝐾𝐸𝑃𝐸) is given by the equation: 

𝐾𝐸𝑃𝐸 = 𝐸ℎ𝜈 − 𝐵𝐸𝑖𝑛𝑛𝑒𝑟 

where 𝐸ℎ𝑣 is the energy of the incident photon and 𝐵𝐸𝑖𝑛𝑛𝑒𝑟 is the binding of the inner 

shell electron to the atom. After the ejection of the photoelectron, there is a vacancy 

in the inner electron shell. To reach atomic equilibrium, an electron from an outer 

shell transitions to the inner shell, and this results in an excess of energy in the atom 

equal to the difference between the binding energies of the k-shell and the outer shell. 

This excess energy is emitted in one of two ways either by a photon, known as a 

“characteristic x-ray,” or an electron, known as an Auger electron. The probability of 

characteristic x-ray versus Auger electron emission varies by element. Because Auger 

electrons have a lower kinetic energy than photoelectrons, their range is shorter.  

 The probability of photoelectric interaction between a photon and an atom is 

dependent on two factors: the energy of the incident photon and the Z-number of the 

target atom (Huda, 2010; Khan, 2014). In the orthovoltage range, the probability of 

interaction is proportional to 𝑍3/𝐸3. Figure 1.2 (Evans, 1955) shows the Z-numbers 

and energies where photoelectric effect, Compton scattering, and pair production are 

the dominant interaction process. In the simulations for this thesis, a point source 

emitting monoenergetic 20 keV photons was selected. 

 20 keV photons were selected for multiple reasons. The K-shell is the 

innermost shell of electrons in an atom. The probability of photoelectric absorption 

by an atom has a large discontinuity at this energy because the K-shell electrons can 

now be freed. The k-edges of both platinum and gold are about 80 keV. Because of 
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this discontinuity, evaluating the difference in absorption at around K-edge energies 

would be quite difficult, so 20 keV, which is well below the K-edge energy for both 

elements, was selected. In addition, 20 keV was selected because the Intrabeam 

device used for intraoperative radiotherapy that OHSU uses operates at an 

accelerating voltage of 50 kV and an effective energy of 20.4 keV, as per the 

Intrabeam calibration document provided by the vendor. 

The combination of the selected energy and the Z-number of PNPs makes the 

photoelectric effect the dominant interaction process. This increased probability leads 

to more short-range energetic electrons being ejected from their atoms and depositing 

their kinetic energy nearby. Although some Compton scattering occurs, the 

probability of it occurring is three orders of magnitude lower than it is for the 

photoelectric effect (Lin, 2014). In addition, pair production will not occur as it 

requires photons of 1.02 MeV or greater. 

 Following the model in Figure 1.2, the conclusion may be drawn that, at lower 

energies, radiation attenuation and dose enhancement can be increased by introducing  

high-Z nanoparticles into a relatively low-Z medium such as water, which is often 

used as a phantom material that approximates soft tissue. The resulting water-PNP 

mixture would have an effective Z-number somewhere between the effective Z-

number of just water and the Z-number of platinum, which indicates an increase in 

probability of photoelectric interactions and, thus, dose. In addition, because 20 keV 

is a relatively low energy, the range of both photoelectrons and Auger electrons will 

be on the order of microns and nanometers, respectively (Hossain, 2012), so the dose 

enhancement due to some concentration of PNPs in water is local to the PNPs. In 

addition, increasing the concentration of PNPs leads to an increase in dose 

enhancement (Mahdavi, 2013). 

 It should be noted that there has been some contention about the dose 

enhancement effects of high-Z nanoparticles at higher MeV photon energies 

(McMahon, 2011), which are used for external beam radiotherapy. The model 

described by Figure 1.2 is macroscopic, and if follows that, at the MeV photon 

ranges, Compton scatter dominates (Evans, 1955; Huda, 2010; Khan, 2014). 
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Compton scatter is more dependent on electron density and much less dependent on 

Z-number, so the change in effective-Z dues to the introduction of PNPs lead to 

minimal dose enhancement (<1%) according to that model (Lin, 2014). According to 

McMahon there have been in vitro and in vivo studies using GNPs that show small 

but significant evidence of dose enhancement of megavoltage x-rays in the form of 

reduced cell populations treated in MV photon beams with GNPs. Although this 

result can be attributed, at least in part, to the radiosensitizing properties of GNPs, 

another factor might be that dose enhancements occur as a result of nanoscale 

interactions, which is why they are not apparent in macroscale models. Although this 

thesis does not delve into nanoscale interactions of megavoltage x-rays and high-Z 

nanoparticles, developing a computer model that can simulate these nanoscale effects 

is of definite interest for future research. 

 

2.1.3 Percent Depth Dose Curves 

 

 A common method of observing the distribution of dose from ionizing 

radiation is through the use of percent depth dose (PDD) curves (Khan, 2014). PDDs 

are simply a one-dimensional representation of the percentage of maximum dose due 

to radiation as a function of depth where depth is the independent variable and PDD 

is the dependent variable. Examples of PDD curves for different photon energies in 

water can be seen in Figure 1.3. PDD curves typically follow a decaying exponential 

model which accounts for attenuation and absorption of photons. PDD curves are not 

influenced by the inverse square law as the axis of measurement is the same as the 

direction of the photons; however, side-, forward-, and backscatter do have some 

influence. 

Note in Figure 1.3 that at higher photon energies there are regions of dose 

buildup for each PDD curve. This is a result of the shallow depths not being in 

charged particle equilibrium (Martin, 2013), which is when the number of free 

energetic electrons created as a result of radiation interactions coming into and going 

out of a selected volume are equal. For lower energies, like the 20 keV monoenergetic 



 

 

 

P a g e  | 6

  

 

photons used in the simulations for this thesis, there is no apparent dose buildup 

(Khan, 2014), so it will not be seen in the PDD curves. 

 

2.1.4 Media Interface Effects 

 

 Some interesting occurrences happen at the interfaces between low- and high-

Z media. The main interest of studying these interface effects is to show dose 

perturbation near bone (Khan, 2014) or prostheses (American Association of 

Physicists in Medicine Task Group 63) surrounded by soft tissue. Prior to a soft tissue 

 high-Z interface, radiation dose increases due to backscattered electrons. The 

range of these backscattered electrons is dependent on the kinetic energy of the 

electrons (Zhang, 2014). On the other hand, after a high-Z  soft tissue interface 

comes another dose perturbation due to a combination of forward scatter of the 

electrons from the high-Z materials in addition to dose buildup (Khan, 2014). This 

dose perturbation effect is energy-dependent (Mitchell, 1997), and, at 20 keV, should 

not be apparent 

The difference in the dose before and after interfaces can be approximated 

using a mathematical model (Martin, 2013). Radiation dose (D) in a medium can be 

approximated with the equation: 

𝐷 = Φ𝐸 (
𝜇𝑒𝑛

𝜌
) 

where Φ is the fluence of the radiation [photons/cm2], E is the energy of the photons 

[MeV], and (
𝜇𝑒𝑛

𝜌
) is the mass energy absorption coefficient for a given medium and 

energy [cm2/g], which can be found in a table. Assuming that the photon fluence is 

the same after and before the interface, the ratio of doses after and before the interface 

can be written as: 

𝐷𝑎𝑓𝑡𝑒𝑟

𝐷𝑏𝑒𝑓𝑜𝑟𝑒
= (

𝜇𝑒𝑛

𝜌
)

𝑏𝑒𝑓𝑜𝑟𝑒

𝑎𝑓𝑡𝑒𝑟

 

That is, the ratio of doses before and after the interface is simply the ratio of their 

corresponding mass attenuation coefficients. Note that this approximation only works 



 

 

 

P a g e  | 7

  

 

at low energies when there is no radiation buildup. Mass energy absorption 

coefficients for mixtures can be found by adding the mass energy absorption 

coefficients of each element together by their fractional weight. 

 

2.2 Monte Carlo 

 

  Put simply, Monte Carlo is a “solution to a macroscopic system through 

simulation of its microscopic interactions” (Bielajew, 2001). Monte Carlo computer 

simulations have an enormous range of applicability. Essentially, Monte Carlo 

investigates a ‘big picture’ situation by breaking it down into very small steps where 

each step is a possibility or scenario that could happen. By analyzing and averaging 

the small steps, the scenario is predicted, and averaging more steps leads to lower 

uncertainty in the modelling of the big picture. The AAPM task group 105 analyzed 

using Monte Carlo methods for radiation dose calculations in treatment planning. 

In order to accurately predict where radiation is going to go and where energy 

is going to be deposited in a medium, all radiation interactions and the probabilities 

for those interactions must be accounted for (Chetty, 2007). This led to the concept of 

an electron-photon shower simulation where photons transferred energy to electrons 

and vice-versa with some probability attached to each interaction. Since calculating 

these systems by hand was not feasible, computers and the Monte Carlo method were 

used. 

 There are two general types of Monte Carlo simulations in radiation dose 

calculations: analog simulations and condensed history simulations (Chetty, 2007). 

Analog simulations involve four steps: 

1. Selecting the distance to the next interaction. This calculation uses some 

probability distribution in combination with a random number generator that 

the particle will experience an interaction in some distance from its original 

position. 
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2. Transport of the particle to the interaction site, which simply means ray 

tracing from the particle’s original position to the site of interaction while 

taking into account the geometry through which the particle will travel. 

3. Selecting the interaction type. This involves another calculation using some 

probability distribution and a random number generator. 

4. Simulating the interaction selected in step (4). This is the most complex step 

and involves probabilities for energy loss, direction of the secondary particles, 

and other factors. 

Steps (1) through (4) represent a single “history”, and the steps are repeated until the 

original and secondary particles are absorbed in or leave the geometry. Although the 

analog model is relatively simple, it can be impractical for simulating charged particle 

interactions due to the sheer number of interactions that take place. To compensate, 

condensed history simulations group many small-effect interactions together into 

single histories. It follows that step size is an important limitation to the accuracy of 

condensed history simulations; larger step sizes lead to artifacts (i.e. inaccuracies in 

the data). Step size artifacts were an issue in the early days of Monte Carlo 

simulations; however, due to major advances in computing power, speed, and 

affordability, it is much less of an issue today (Bielajew, 2001; Chetty, 2007). 

 

2.3 Additional Literature Review 

 

 High-Z nanoparticle dose enhancement research has been a popular topic over 

the past decade, and many different applications have been examined. The following 

described articles are some examples of different approaches research scientists have 

taken to examining the effects of introducing high-Z nanoparticles to radiation 

treatments. 

MAGICA, which is a gel dosimetric phantom, has been shown to be useful for 

the evaluation of nanoparticle dose enhancement due to its shapeable and tissue 

equivalent composition. A 2013 paper by Mahdavi evaluated use of MAGICA 

phantoms with GNPs introduced at different concentrations and found that higher 
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concentrations led to more dose enhancement. Similarly, in 2016 Hassan studied the 

effects of silver nanoparticles in MAGICA phantoms. 

 Use of GNPs for dose enhancement in the human eye has also been 

investigated. In 2015, Asadi used Monte Carlo code to simulate the introduction of 

GNPs to eye plaque radiotherapy and found significant target volume dose 

enhancement. Also in 2015, Brivio used Monte Carlo code to simulate stereotactic 

radiosurgery in combination with GNPs to treat macular degeneration. This 

simulation involved a 4 mm diameter 100 kVp beam and also showed significant 

dose enhancement to the target volume due to the introduction of GNPs. 

 Although not directly showing dose enhancement, in vivo studies using mice 

have shown increases in the effects of irradiation on tumor size with the introduction 

of GNPs. In 2004, Hainfeld irradiated mice exposed to tumor cells with and without 

GNP injections and found that the combination of x-rays and GNPs resulted in tumor 

mass decreases in 90% of the mice after 30 days while irradiation alone and no 

treatment resulted in tumor mass increasing in all cases. Chattopadhyay did a similar 

study in 2012.  

Like in vivo studies, in vitro studies using grown cancer cells do not show 

dose enhancement directly; however, cell killing can be observed directly. A 2015 

paper by Zhang investigated the use of GNP-loaded microdiscs attached directly to 

individual cells through electrostatic interactions. Cells were irradiated and DNA 

damage was investigated and found to have increased in cell populations containing 

the microdiscs. In 2014, Cui compared the GNP uptake and radiosenitization in oxic 

and hypoxic cells and found that, even though hypoxic cells tend to be more 

radioresistant, the GNPs were effective radiosensitizers while simultaneously 

inhibiting post irradiation DNA repair. 
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2.4 Figures 

 

 

Figure 2.1. The photoelectric effect (Source: Khan, 2014). 

 

 

 

 

Figure 2.2. Radiation interaction probability domination by Z-

number and energy (Source: Evans, 1955). 
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Figure 2.3. Example PDD curves at various photon energies (Source: Khan, 2014). 

Note that the 3.0 mm Cu HVL has an approximate effective energy of 135 keV. 

 

 

Figure 2.4. PDD curve of a homogenous geometry, soft tissue containing bone 

(Source: Khan, 2014). 
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3 Materials and Methods 

 

3.1 Geometry 

 

 The geometry for the system was a collection of homocentric spherical shells 

centered on a single 20 keV X-ray point source. The nomenclature of the EDKnrc 

code designates the volume contained in each sequential shell as a numbered 

“region”. For simplicity, groups of regions were designated into the following zones: 

an inner air cavity, a 5 mm thick shell of water-only or water containing some 

concentration of PNPs, a 25 mm water-only zone, and a 20 mm water-only zone used 

for backscatter. The zones containing points of interest for measurement were the 5 

mm nanoparticle/water mixture zone and the 25 mm water-only zone. See Figure 3.1 

for a cross section of the geometry. 

Two types of spherical shells were designated: detection shells and spacer shells. 

The detection shells were very thin shells of 0.0001 cm (1 μm). This thickness was 

chosen because, as the thickness of the detection shells increased, volume averaging 

increased while uncertainty of the calculated doses decreased; however, decreasing 

the detection shell thickness further lead to substantial increases in uncertainty. In 

short, the 1 μm detection shell thickness was chosen due to its optimization between 

volume averaging and uncertainty, and these shells were assumed to have no volume. 

Spacer shells were placed between detector shells in order to reduce the number of 

shells (and thus calculations) in the simulation. Spacer shell thicknesses varied in 

order to increase the measurement resolution near interfaces. Although the EGSnrc 

output dose measurements for these shells, the data was not used. 
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3.2 Modifying the EGSnrc Input File 

 

 Because of the simplicity of the geometry, the EGSnrc (Electron-Gamma 

Shower, National Research Council of Canada) user code EDK (Electron Deposition 

Kernel) was chosen. The PIRS 701 user manual (Kawrakow, 2013), the PIRS 702 

user codes descriptions (Rogers, 2016), and the PIRS 877 EGSnrc instructions 

(Kawrakow, 2006) provided in the EGSnrc code documentation as well as the 

comments in the code were used as guides for preparing each input (EGSINP) file. 

 

3.2.1 I/O Control 

 

 The I/O (input/output) control indicated to the code whether one or multiple 

runs of the same code were to be done as well as in which format to export an output 

file. The following inputs were made: 

 IRESTART = first; this indicated that it was the first run of this simulation. 

Since only one run per simulation was done, this did not need to be modified 

for additional simulations. 

 STORE DATA ARRAYS = no; in contrast, entering ‘yes’ would have been 

useful for multiple runs of the same simulation, which was not done. 

 PRINT OUT EDK FILE = yes; this was the default setting, but changing it to 

‘no’ did not seem to have any effect on the output file. 

 

3.2.2 Monte Carlo Inputs 

 

 This section of commands dictated how many histories of each particle would 

be tracked as well as what kind of data was desired for output. The following inputs 

were made: 

 NUMBER OF HISTORIES = 500000000 or 999999999; the former number 

of histories was used for the water only simulations while the latter, which 
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was also the maximum number of histories allowed by the code, was used for 

simulations with high-Z nanoparticle concentrations in water. 

 INITIAL RANDOM NO. SEEDS = 1, 66; these provided the simulation with 

two random number seeds, as described in the Monte Carlo theory section of 

this thesis. The seeds used were given in the EGSINP template file and were 

not modified. 

 IFULL = dose calculation; only the dose calculations data were needed, and 

this option excluded the electron deposition kernel and cavity calculations. 

 DOPPLER BROADENING = On; the default. 

 

3.2.3 Geometrical Inputs 

 

 The input file contained inputs for both cones and spheres. Because the 

geometry used for this simulation was purely spherical, the inputs for the cones were 

left blank or zero. The following inputs were made: 

 NUMBER OF SPHERES = [blank]; this input was left blank because the 

radius of each sphere was input individually. 

 RADII = [radii of each shell separated by commas]; the radii for each shell 

was found using a simple Matlab script followed by minimal manual editing. 

The first shell radius was the central sphere composed of air. The thicknesses 

for the spacer and detector shells were 0.0499 cm and 0.0001 cm (total of 0.05 

cm, or 0.5 mm), respectively, for the simulations not containing high-Z 

nanoparticles. The thickness of the spacer shells for the simulations containing 

nanoparticles varied due to their proximity to aan interface. Thinner spacer 

shells were used near interfaces to observe dose perturbation due to the 

heterogeneity of the interface. 

 MEDIA = [PEGS media names]; each medium needed to be generated in the 

EGSnrc GUI “PEGS Data” tab (Figure 3.2) and stored in a pegs4dat file. 

PEGS data for air and water were provided in the 521ICRU.pegs4dat file, and 

these media were copied to a new file. To remain consistent with the 521 
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ICRU media, the energy range parameters AE, UE, AP, and UP were kept at 

521 keV, 55.511 MeV, 10 keV, and 55 MeV, respectively for each mixture. 

Note: although these cutoffs appeared to be high, lower photon and electron 

energy cutoffs were tested and compared, and it was found the cutoffs used 

had no effect on the results. 

 MEDNUM = 1, 2, 3, etc.; this input determined where each medium went in 

the system. The numerical value indicated which medium from the MEDIA 

input went in a particular zone.  

 START/STOP REGION = [3+ zones input]; this input was used to designate 

radii from the RADII input into zones. Although there were a total of four 

zones, the outer zones contained the same medium (water only), so they were 

condensed into one input. Note that the first region (air) had to be designated 

as 2, not 1. The EDKnrc code reserved region 1 as a vacuum, which was not 

useful for these simulations. 

 

3.2.4 Source Inputs 

 

 This section, as the name suggest, contained inputs about the source used in 

the simulations. The following inputs were made: 

 INCIDENT PARTICLE = photon 

 INCIDENT ENERGY = monoenergetic 

 INCIDENT KINETIC ENERGY (MEV) = 0.02; which is equal to 20 keV. 

 SOURCE NUMBER = 1; for a point source radiating isotropically. There are 

two other options here. The first, 0, was also for a point source located at the 

origin, but it only radiated along the z-axis. The other option, 2, was for a 

point source near the origin and also only radiated along the z-axis. 

 ZIN = [blank]; this input was the z-axis offset for the point source and only 

applied for SOURCE NUMBER = 2, so it was left blank. 
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3.2.5 MC Transport Parameter 

 

 This section of inputs was a bit more advanced than the prior sections. Due to 

the simplicity of the simulations, most of the inputs were left in their defaults as 

specified by the comments in the input file. The following entries were of note: 

 Global ECUT/PCUT = 0.521/0.010; (in MeV) these were left default and 

indicate the electron and photon cutoff for transport, respectively. Essentially, 

when an electron or photon energy dropped below the specified energy, it was 

absorbed as dose. The default inputs were the same as the ICRU521 

specifications. 

 Boundary Crossing Algorithm = exact, Electron-step algorithm = PRESTA-II, 

and Spin effects = on; the default, this was a new feature of the EGSnrc code 

that allowed for much more accurate calculations of doses near interfaces 

between two materials of different Z-numbers than the EGS4 PRESTA-I 

algorithm (Verhaegen, 2002). 

 Rayleigh scattering = On, Atomic relaxations = On; the default for these was 

‘Off’. They were turned on to simulate Rayleigh scattering and emissions of 

Auger electrons due to shell vacancies caused by photoelectric and Compton 

scatter events. It should be noted that Rayleigh scattering may not have 

needed to be activated due to the energy of the photons; Rayleigh scattering is 

usually considered for very low photon energies. 

 

3.2.6 Variance Reduction 

 

 This section had to do with reducing the amount of variance in the data output 

in the EGSLST file. The following inputs were made: 

 ELECTRON RANGE REJECTION = on; indicated that if an electron 

dropped below energy ECUT, the particle would be terminated and absorbed. 
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 EXPONENTIAL TRANSFORM C = 0; this field was for biasing the path 

length of the particles. These simulations called for no biasing, so this field 

was set to zero. 

 Photon Forcing = On, START FORCING = 1, STOP FORCING AFTER = 2; 

these settings were recommended by the PIRS 702 report due to the thin shells 

used, though the default is “off”. 

 

3.2.7 Plot Control 

 

 Because Microsoft Excel was used to analyze the data output in the EGSLST 

file, this section of the input file was modified to be off, so no plots were produced by 

the EGSnrc code or its subroutines. 

 

3.3 Running the Simulations 

 

 After preparing the input files, running the simulations was relatively easy due 

to the current iteration of EGS implementation of a graphic user interface (GUI). 

Prior to running simulations, the proper user code had to be compiled (Figure 3.3). 

This was done by selecting the EDKnrc user code from a dropdown menu in the 

lower left. In the “Compile” tab, the “Go” button was pressed, and the GUI compiled 

the EDKnrc code. This only needed to be done once as the user code did not change 

between simulation with the exception of debugging (see section 3.4). 

 After compiling, the code was run from the “Execution” tab (Figure 3.4). To 

do this, the correct PEGS (pegs4dat) and input (EGSINP) files were selected, and the 

“Start” button was pressed. The GUI ran the simulations and outputted a EGSLST 

text file containing all of the pertinent data after each run. Simulations without PNPs 

and 500 million histories took about 35 minutes to complete while simulations 

containing some PNP concentration and 1 billion histories took between 3 and 4.5 

hours. 
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3.4 Debugging 

 

 Despite the user code being pre-written, there were some bugs. Although 

debugging typically consists of editing the code to correct variables or typos, 

debugging here additionally involved modifying the parameters of the simulation to 

correct a bug that either disrupted the simulation or led to results that were not 

physically realistic. 

 

3.4.1 False Buildup Bug 

 

 For the water-only simulations, there was what appeared to be a buildup of 

dose at the surface of the water (i.e. the interface between the air and water zones). 

See Figure 3.5 for an example of this effect. Due to the very low energy of the 

photons, though, this did not seem physically realistic. In addition, this effect was not 

seen in the simulations containing the high-Z nanoparticles, nor was it seen in the 

simulations specifically designed for examining low-Z/high-Z and high-Z/low-Z 

interface effects. The false buildup anomaly was inexplicably corrected by adding a 

shell of air around the outside of the setup. This addition did not affect the data other 

than correcting the anomaly. 

 

3.4.2 Too Many Shells Bug 

 

 The maximum number of shells was discovered early on in the simulation 

process; however, instead of the code returning an error, it did two strange things. 

First, the data trend in the EGSLST output file for only water spiked at specific 

distances from the air zone and then dropped to near zero (Figure 3.6). This issue was 

corrected by editing the EDKnrc user code (not the input file, but the Mortran code 

itself) fields “REPLACE {$MAXRADII} WITH” and “REPLACE {MAXRADII+1} 

WITH” with higher numbers. Prior to editing, the maximum number of radial dose 
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scoring regions was 65; this was changed to 150, and the EDKnrc code was compiled 

again. 

 The second “too many shells” bug occurred if the number of shells (RADII in 

the input file) exceeded. After 104 shells, any dose scoring would be zero in the 

EGSLST output file. This occurred despite changing the fields (and other lines of 

code) in the Mortran user file to numbers greater than 104, and the cause of this error 

was unknown. Fortunately, 104 shells were more than enough due. 

 

3.4.3 False Interface Data Bug 

 

 Preliminary results for simulations involving a high-Z nanoparticle mixture in 

the first 5 mm of shells surrounding the air shell resulted in a peculiar spike in the 

data at the interface of the PNP concentration in water and the water-only zones 

(Figure 3.7). Although some perturbation in the dose was to be expected, there should 

have been a dip in the PDD curve, not a spike. In addition, the dose spiked from 20% 

(before interface) of the maximal dose to about 250% (after the interface), even for 

the lowest concentration of platinum nanoparticles. This issue was resolved, for 

reasons unknown, by decreasing the thickness of the spacer shells closer to the 

interface, as mentioned above. This increase in frequency of shells closer to the 

interfaces also increased the resolution of the data points closer to the interface. 

 In addition to resolving this bug, additional simulations were created with the  

zone containing PNPs relocated 5 mm from the air zone instead of directly contacting 

it, so there was a new zone containing only water located between the air cavity zone 

and PNP zone. This allowed for the observation and evaluation of the code to 

accurately represent high-Z/low-Z and low-Z/high-Z interfaces effects. 

 

 

 

 

 



 

 

 

P a g e  | 20

  

 

3.5 Data and Variance Processing 

 

3.5.1 Obtaining PDD Curves 

 

 After the simulations were run, all of the data were imported from the 

EGSLST files output by the user code to Microsoft Excel. The doses listed in the 

EGSLST file did not include units; however, the units of the data were not needed as 

the percent depth dose (PDD) curves were utilized in analysis. The following steps 

were taken after importing the data: 

 Deleting the spacer shell data; this was a simple matter of sorting the data into 

spacer shell and detector shell categories and then deleting the spacer shell 

category. 

 Creating a column of depths; the depth was the difference between the 

detection shell radius and the radius of the air cavity. 

 Creating a column of PDD points; each PDD point was the quotient of the 

dose at depth (D(d)) and the dose at the inner surface of the water or platinum 

nanoparticle / water mixture zone, where the dose was highest (Dmax) such 

that: 

𝑃𝐷𝐷(𝑑) = (
𝐷(𝑑)

𝐷𝑚𝑎𝑥
) ∗ 100% 

Excel allows for very convenient click-and-dragging for individual 

calculations between cells. 
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3.5.2 Obtaining the Variances for Each Data Point  

 

 Variance data for individual points was output by the EDKnrc user code in the 

EGSLST file. These data were given in percentages of the dose, which were easily 

converted to fractional uncertainties: 

Fractional Uncertainty =
𝛿𝐷(𝑑)

𝐷(𝑑)
 

where 𝛿𝐷(𝑑) was the uncertainty in D(d). To find the uncertainty of each PDD(d), 

the fractional uncertainties of D(d) and Dmax were added together (Taylor, 1996) such 

that: 

𝛿𝑃𝐷𝐷(𝑑)

𝑃𝐷𝐷(𝑑)
= √(

𝛿𝐷(𝑑)

𝐷(𝑑)
)

2

+ (
𝛿𝐷𝑚𝑎𝑥

𝐷𝑚𝑎𝑥
)

2

  

and solving for 𝛿𝑃𝐷𝐷(𝑑) gave the absolute uncertainty for each PDD(d). Again, 

Microsoft Excel’s click-and-dragging for individual cell calculations was convenient. 
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3.6 Figures 

 

 

 

 

 

 

Figure 3.1. 2-D cross section of the geometry of the simulations. 
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Figure 3.2. EGSnrc GUI: PEGS tab. 

 

 

Figure 3.3. EGSnrc GUI: Compile tab. 
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Figure 3.4. EGSnrc GUI: Execute tab. 

 

 

Figure 3.5. Example of a PDD curve with the false buildup bug. 
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Figure 3.6. Example of a PDD curve with the too many shells bug. 

 

 

Figure 3.7. Example of a PDD curve with the false interface data bug. 
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4 Results 

 

4.1 Water-only PDD Curves 

 

 The percent depth dose curves for the water-only simulations (Figure 4.1 and 

Table 4.1) followed a decaying exponential trend. When the results of the PDD for 

the geometry with a 3.5 cm diameter air cavity was fit with a decaying exponential 

trendline, the R2 value was 0.9972 (Figure 4.2), which indicated a strong statistical fit 

to the decaying exponential model. As the air cavity’s diameter was increased 

incrementally from 2.5 cm to 5.0 cm, the PDD curves decayed slower. 

 

4.2 3.5 cm Air Cavity with Various Concentrations of PNPs in Water 

 

 The PDD curves for the various concentrations in water (Figure 4.3 and Table 

4.2) initially followed a decaying exponential trend, dropped significantly at the 

media (PNPs in water to water-only) interface, and then again followed a decaying 

exponential trend. Higher concentrations of PNPs resulted in steeper initial decays 

and lower ratios of PDD before the interface to PDD after the interface (Table 4.3). 

 

4.3 2.0% PNP Concentration in Water with Various Air Cavity Diameters 

 

 The PDD curves for the 2% PNP concentration in water mixture with various 

air cavity diameters (Figure 4.4 and Table 4.4) showed slightly steeper decays for the 

smaller diameter air cavities but similar drops in PDD at the interfaces. The 
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maximum difference occurred right before the interface between the 2.5 cm and 5.0 

cm air cavities, which was 5.8%. 

 

4.4 3.5 cm Air Cavity with Various Concentrations of GNPs in Water 

 

 The PDD curves for the various concentrations of GNPs in water (Figure 4.5 

and Table 4.5) showed similar trends to the PNPs in water including two decaying 

exponential trends connected by a sharp discontinuity at the interface at a 5 mm 

depth. 

 

4.5 Interface Effects 

 

 The PDD curves for the interface simulations (Figure 4.6 and Table 4.6) 

showed three decaying exponentials connected by sharp discontinuities at depths of 5 

mm (the water-only to the PNPs in water interface) and 10 mm (the PNPs in water to 

the water-only interface).  

The 2.0% PNP concentration PDD curve was zoomed in at the first (Figure 

4.7a) and second (Figure 4.7b) interfaces to examine the micro scale interface effects. 

There was an increase in dose a few microns before the first interface due to 

backscatter; however, there also appeared to be a tiny zone of buildup right after the 

interface. At the second interface there was a sharp decrease in the PDD values right 

before the interface. 
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4.6 Figures 

 

 

Figure 4.1. PDD curves for water-only geometries. 

 

 

Figure 4.2. Water-only PDD curve for a 3.5 cm diameter air cavity with a trendline, 

equation, and R2. 
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Figure 4.3. PDD curves for a 3.5 cm diameter air cavity and various PNP 

concentrations. 

 

 

Figure 4.4. PDD curves for a 2.0% PNP concentration with various inner air 

cavity diameters. 
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Figure 4.5. PDD curves for a 3.5 cm diameter air cavity and various GNP 

concentrations 

 

 

 

Figure 4.6. PDD curves showing the results of the interface simulations 
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a) 

 

b)

 

Figure 4.7. Zoomed in interface simulation PDD curve showing the micro scale dose 

perturbations at the first (a) and second (b) interfaces. 3.5 cm air cavity, 2.0% PNP 

concentration. 
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4.7 Tables 

 

 

 

Table 4.1. Water-only with various inner air cavity diameters results. 
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Table 4.2. 3.5 cm diameter inner air cavity with various PNP concentrations results. 

 

 

Table 4.3. 3.5 cm diameter inner air cavity with 

various PNP concentrations differences at the 

PNP-water mixture to water-only interface 
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Table 4.4. 2.0% PNP concentration in water with various inner air cavity diameters 

results. 
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Table 4.5. 3.5 cm diameter inner air cavity with various GNP concentrations 

results. 
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Table 4.6. 3.5 cm diameter inner air cavity with water-only to PNP-water mixture 

interface at 5 mm depth and PNP-water to water-only mixture at 10 mm depth 

results. 
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5 Discussion 

 

5.1 Interface Effects 

 

 The simulations run with a PNP concentration in water positioned at a depth 

of 5 mm instead of at the surface of the air cavity were used to evaluate if the 

interface effects produced by the EDKnrc code were physically realistic. Isolating the 

2.0% PNP concentration PDD curve and zooming into a very small region of the 

curve before and after the interface at 5 mm (the water-only to PNPs in water 

interface), as shown in Figure 4.7a, showed a very small region of increasing PDD 

prior to the interface. Increasing the concentration of PNPs did not seem to affect the 

location of the PDD increase prior to the 5 mm interface, which was expected due to 

the energy of the incoming photons not changing. Increasing the PNP concentration 

did increase the magnitude of the PDD increase prior to the interface. This effect 

seemed plausible as higher concentrations of PNPs should lead to an increase in 

photoelectric interactions, higher dose after the interface, and more backscattered 

electrons. After the interface, though, there was what looks like a tiny zone of buildup 

right after the interface. If since no buildup was assumed, that should not have be 

there. It is unclear where this buildup was realistic, had to do with connecting the data 

points before and after the interface directly, which contained a discontinuity in the 

PDD curve, or some other reason. Zooming into the second interface (PNPs in water 

to water-only), as seen in Figure 4.7b, there appeared to be a sharp decrease in the 

PDD values right before the interface, which should not have happened to the extent 

that it did. These results did not provide sufficient evidence that the code was able to 

accurately simulate the interface effects in the micro scale. 
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 To evaluate the results of the interface simulations in the macro scale, the 

predicted PDD values before and after each interface with the mass attenuation 

coefficients versus the actual PDDs were compared (Table 5.1). The predictions were 

closer for the PNP-water mixture to water-only interface than they were for the water-

only to PNP-water mixture interface. The differences may have been attributed to 

factors such as backscatter, which the mass attenuation coefficients ratio method does 

not account for. There results led to some confidence in the code’s ability to 

accurately simulate the interface effects at the macro scale. 

 

5.2 Effects of Inner Air Cavity Diameter 

 

 Although increasing the internal air cavity diameter from 2.5 cm to 5.0 cm 

resulted in slightly sharper exponential decays of the PDD curves in the PNP-water 

mixture, the differences between the PDDs before and after the interface for the 

various air cavity diameters did not fluctuate much. It follows that the concentration 

of PNPs in the PNP-water mixture had a much greater effect in the PDD discontinuity 

at the interface than the size of the inner air cavity. 

 

5.3 Effects of PNP Concentration 

 

 Increases of the PNP concentration simultaneously increased the density and 

effective Z-number of the mixture. This led to higher attenuation and higher ratios 

between the PDD value before the PNP concentration in water to water-only interface 

and the PDD value after the interface. Originally 8.0% and 10.0% PNP-water 

mixtures were simulated, but the results were not useable due to the rapid attenuation 

of the PDD curve to zero. 
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5.4 PNPs vs. GNPs 

  

 Because GNPs are currently the most talked about high-Z nanoparticles, some 

simulations with GNP concentrations were also done. Comparing the PDD curves of 

the PNP concentrations and the GNP concentrations (Figure 5.2) showed mixed 

results. For the 0.7% and 4.0% concentrations, the GNP PDD curves decayed slower 

than the PNP PDD curves, but the difference between the pre and post interface 

PDDs were greater for the GNPs. On the other hand, the 2.0% and 6.0% PDD curves 

for both elements contained negligible differences and nearly overlapped each other. 

 The differences between the 0.7% and 4.0% concentration PDD curves 

indicated a tradeoff. Using the PNPs lead to a sharper decay in the PDD curves prior 

to the PNPs in water to water-only interface, so there was a higher dose enhancement 

in the target volume due to the PNPs than the GNPs. On the other hand, the difference 

in doses pre and post the interface was greater for the GNPs than for the PNPs, so the 

shielding effects of the GNPs were greater than for the PNPs leading to less dose to 

the volume beyond the interface. 
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5.5 Figure 

 

 
Figure 5.1. PDD curves for a 3.5 cm diameter air cavity and various PNP or GNP 

concentrations 

 

 

5.6 Table 

 

 

Table 5.1. Predicted vs. simulated pre and post water-only to PNP-water mixture 

interface and PNP-water mixture to water-only interface 
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6 Conclusions 

 

6.1 Clinical Implications 

 

 The simulations run for this thesis followed some approximations that need to 

be addressed: the geometry was purely, a monoenergetic photon point source was 

used, and the distributions of the high-Z nanoparticles in the media were 

homogeneous. In the clinic, though, none of these approximations would hold: 

patients and their treatment volumes are not spherical, x-ray and gamma energies are 

spectral, and the nanoparticles would not have a homogeneous distribution. Although 

these approximations may not hold in the clinic, the results of this thesis could be a 

good starting point for further investigation. 

 Although not purely spherical, some high dose rate brachytherapy treatments 

involve spherical dose distributions. An example of such a treatment modality is 

intraoperative radiotherapy using an Intrabeam device. The Intrabeam device (Figure 

6.1a) consists of a 50 kVp x-ray source surrounded by a spherical applicator that is 

inserted into the patient immediately after a lumpectomy while the patient is still on 

the operating table. The Intrabeam information website had a useful graphic showing 

these steps and can be seen in Figure 6.1b. The target volume is typically from 0-5 

mm from the surface of the spherical applicator, with “normal tissue” behind it. 

The PDD curves for each Intrabeam applicator were provided by the vendor, 

and they were compared to the PDD curves obtained with simulations obtained for 

this thesis (Figure 6.2). The corresponding vendor-provided PDD curves and 

simulated PDD curves did not align well, so the data obtained by these simulations 
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are not directly applicable to that treatment modality; however, the simulations could 

be modified in the future to improve coincidence between the two sets of data, which 

would be an initial step to more clinically accurate and relevant simulations.  

 The findings of the simulations run for this thesis showed an interesting dose 

distribution that could improve the Intrabeam treatment modality. By comparing the 

PDD curves of the 3.5 cm diameter air cavity water-only (Figure 6.3a) and 0.7% 

PNP-water mixture (Figure 6.3b), it can be observed that the introduction of PNPs, 

even in the lowest concentration simulated for this thesis, simultaneously increased 

the radiation dose to the target volume and decreased the dose beyond the target 

volume. Intrabeam radiation doses are typically prescribed to a certain depth. Using a 

10 Gy dose at 5 mm depth prescription as an example, the Dmax for the water-only 

PDD curve is 21.7 Gy while the Dmax for the 0.7% PNP concentration in water PDD 

curve is 31.3 Gy. The surface of the target volume (i.e. at the Intrabeam applicator) 

was getting over 300% of the prescribed dose with the inclusion of PNPs, and it was 

only receiving about 210% without the PNPs. In addition, the substantial drop after 

the interface meant that all non-target tissues were receiving 6.6 Gy (66% of the 

prescription) at the interface (5 mm) and 3.1 Gy (31% of the prescription) at 10 mm 

while the 5 mm depth receives 10 Gy (100% of the prescribed dose) and 4.8 Gy (48% 

of the prescribed dose) at 10 mm. Essentially, the PNPs acted as both a dose enhancer 

for the target volume and a shield for the non-target volume; the doses to the target 

volume were increased, and the doses beyond the target volume were decreased given 

the same prescription as a treatment without PNPs. In addition, the differences in 

doses between the water-only and PNP concentration in water PDD curves increased 

with increasing PNP concentration, so even higher Dmax doses and lower non-target 

volume doses relative to the prescribed can be achieved. Having higher and higher 

doses to the target volume may or may not be clinically relevant, and making that 

determination will be left to the oncologist. 

 Of course, it is difficult to justify using PNPs as a dose enhancer without first 

investigating how to get them into and distribute them in a patient. The following 

briefly describes two possible methods for introducing high-Z nanoparticles into a 
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treatment volume. For the Intrabeam modality, the high-Z nanoparticles may be 

injected into the tumor prior to surgery. The high-Z nanoparticles will then diffuse 

outward from the tumor into the surrounding normal tissue. For high dose rate 

brachytherapy high-Z nanoparticles can be loaded into a polymer film which coats a 

balloon that is expanded inside the patient days prior to treatment, and the 

nanoparticles will diffuse into the surrounding tissue (Cifter, 2015). The challenge of 

tracking the diffusion of the nanoparticles in both examples is addressed in the next 

section. 

 

6.2 Further Research 

 

 Although the effects of high-Z nanoparticles on radiation dose enhancement 

has been a popular topic for a while, there is still plenty of research to be done. Along 

the lines of this thesis, the immediate next step of applying PNPs (or GNPs) to 

modalities like Intrabeam is to create and run more sophisticated simulations. 

 The EDKnrc user code of EGSnrc, although useful, was very simplified. In 

order to build more accurate simulations, codes like GEANT4 and MCNP (Monte 

Carlo N-Particle) codes can be selected and customized. To begin with, a preliminary 

phase-space file should be made. Phase-space files are used to reduce the work a 

Monte Carlo simulation has to do (Chetty, 2007). In the case of the Intrabeam 

modality, an initial phase-space file would consist of the energy spectrum and 

direction of photons emitted from the applicator, so each run of the simulation would 

not have to include the generation of the electron from the filament, track it down to 

the target, interact with the target, etc. Instead, the simulations would start with the 

already known information about the photons exiting the applicator. A 2013 paper by 

Nwankwo investigated the creation and evaluation of such a phase space file using 

GEANT4 Monte Carlo code.  

More complicated codes allow the simulation of more realistic geometries, 

including CT scans of patient anatomy. Having more realistic geometry will 

simultaneously allow for more accurate dose distribution calculation as well as 

modelling the distribution of the nanoparticles over time after injection. The 
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distribution of high-Z nanoparticles over time depends on a number of factors such as 

the size of the nanoparticles and material properties of the media the nanoparticles are 

in. A 2015 paper by Sinha investigated the distribution of GNPs injected into a 

medium and modelled the distribution of the GNPs over time with the Stokes-

Einstein equation of diffusion. Modelling the distribution for each system may even 

require its own separate Monte Carlo code. 
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6.3 Figures 

 

 

 
Figure 6.1. The Intrabeam device (a) and the steps of the Intrabeam 

treatment process (b). Step 1 shows the tumor, step 2 is the removal of 

the tumor, step 3 is inserting the Intrabeam applicator and irradiating the 

tumor bed, and step 4 is closing the patient. (Source: www.zeiss.com) 
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Figure 6.2. PDD curves of the water-only simulations and PDD curves provided 

by the Intrabeam vendor for various inner air cavity / applicator diameters 
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Figure 6.3. PDD curves of the water only (a) and  0.7% PNP concentration in water  

for the 3.5 cm inner air cavity simulation. Dose percentages at 5 mm and 10 mm 

depths are labelled. 
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