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ABSTRACT 

Purpose: The purpose of this work is 2 fold, firstly to estimate that gold nanoparticles of 

Au-198 and Au-199 which emit both gammas and betas can be used in brachytherapy, 

and secondly the chromium isotope of Cr-51 as brachy seed can be used in 

brachytherapy.  This research work elucidates the absorbed doses and radioactivity 

distribution by Au-198 and Au-199 nanoparticles experimentally and estimates the 

absorbed doses and dose rates by Monte Carlo simulations. Whereas, Cr-51 with 

complete beta shielded is estimated for dose rates and corresponding doses by Monte 

Carlo Simulations. 

I. Radioactive gold nanoparticles: A polymer gel dosimeter was prepared using about 

12% gelatin (Sigma Aldrich, 300 bloom type A), 9% methacrylic acid(Sigma Aldrich), 

10mM THPC (Sigma Aldrich), 18mM hydroquinone (Sigma Aldrich) in deionized 

water. These dosimeters were calibrated using 8X Siemens Liner Accelerator and GE 

1.5T MR scanner. To calibrate for radioactivity of Au-198 and Au-199 SPECT imaging 

and the balls of Play-Doh[

Materials and Methods: 

1] made by Hasbro Toys[2] as phantoms were used.  The 

radioactive gold nanoparticles were synthesized at the University of Missouri 

nuclear reactor. To simulate photons and electrons transport MCNP5 (Monte Carlo 

Neutral Particle) code from Los Alamos National Lab was used.  
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II. Novel Cr-51 radionuclide: This nuclide has potential benefits to be considered in 

brachytherapy applications for both temporary and permanent dose implants. 

MCNP simulation in photon transport for Cr-51 was used to estimate the dose rates.  

I. Radioactive gold nanoparticles: Radioactive gold nanoparticles with 800 µCi (micro 

Curies) of Au-198 and 500 µCi of Au-199 were considered in separate studies. T2 

weighted imaging with FRFSE pulse on 4 different intervals of echo times 

demonstrates the absorbed dose response. The Gamma camera peaked at 411keV 

photon with a high energy (Iodine collimator) demonstrates activity distribution of 

Au-198 nanoparticles. Similarly, at 158 keV energy photons were peaked using LEAP 

(Low energy all purpose) collimator to demonstrate activity distribution of Au-199 

nanoparticles. 

Results:  

II.  Cr-51 radionuclide: Through MCNP5 (MCNP version) simulation it is demonstrated 

that 4 mCi of activity per seed is required to deliver at least 5 Rads/hr in water 

sphere of radius 1.0 cm and mass of 4.2 g. 
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CHAPTER 1 

INTRODUCTION 

 American Cancer Society estimates that about 1,638,910 new cases of cancer are 

expected to be diagnosed in 2012. About 577,190 cancer deaths were projected to 

occur in the U.S., in 2012. The most predominant cancer deaths occur in respiratory, 

digestive, and genital systems. There were about 164,770 deaths projected for the year 

of 2012. However, since 1990 the reduction in overall cancer deaths across most of the 

ethnic groups was due to cancer control knowledge and improved techniques. Four 

major areas that contributed towards this decline are lung, colorectal, breast and 

prostate[3]. Surgery and radiation therapy are the available treatment methods. The 

research work presented here relates to physical measurements in radiation therapy for 

cancer. 

Radiation therapy deals with treatment procedures that involve high energy 

photons that upon interactions with matter can ionize particles or scatter within 

interacting media e.g. normal tissue or cancer tissue. Radiation therapy is a complex 

phenomenon that may be applied with radiating energy that penetrates deeply into 

tissue. Radiation therapy is applied based on the type of radiation, its source strength, 

and its biological effectiveness. Radiation interactions can ionize the genetic structures 
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of the living organism. This is designed to be lethal to cancer cells but can also cause 

carcinogenesis, acute and late effects to normal tissue.  

Cancer can be treated with radiation by two methods. The first method EBRT (External 

Beam Radiation Therapy) involves the use of Linac (Linear Accelerator). The second 

method is using permanently or temporary interstitial implants of radionuclides 

encapsulated in inert metals, is called as brachytherapy. Radionuclides of short life lives 

are generally considered as permanent implants (seeds left inside the body). Common 

sources currently include Pd-103 and I-125. Radionuclides of long half lives usually Cs-

137 or Ir-192 are considered as temporary implants. 

 

1.1    Brachytherapy 

Brachytherapy is a Greek acronym for ‘therapy at short distance’. Brachytherapy can be 

described as radiation therapy treatment using radioactive sources in proximity of the 

tissue. Brachytherapy, also called internal radiation therapy, allows clinicians to use 

particular dose of radiation to treat a small volume in a calculated time intervals.[4] In 

brachytherapy, the radiation travels a short distance into the tissues, whereas with an 

external beam source the radiation usually travels a long distance to reach its target 

tissue. Depending on the position of the source  with respect to the tissue, 

brachytherapy is further classified into interstitial implant (in the tissue), intracavitary 

implant (in a cavity), intraluminal implant (in a lumen), intraoperative implant (during 
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surgery) and surface implant (over the tissue).[4, 5] Over nearly three decades, 

brachytherapy has been used as treatment for metastatic prostate, breast, liver and 

malignant brain tumors in both prospective clinical trials and as part of standard 

therapy. 

Sources are further categorized with respect to their dose rates. Clinically, there is a 

range of reference of dose rates measured in Gray per min (Gy/min). Sources that 

deliver radiation doses from 0.4 to 2 Gy/min are low dose rate (LDR).  Dose rates 

between 2 and 12 Gy/min are considered as medium dose rates (MDR). Sources that 

deliver doses more than 12 Gy/min are high dose rates (HDR). Further there is a 

specialized treatment of pulsed dose rate[6] (PDR), which is usually treated between 1 

and 3 Gy/min for every 1 hour or until the prescribed dose is completely delivered to 

the tissue[7]. 

Brachytherapy implants may be either temporary or permanent. In temporary 

brachytherapy; the radioactive material is placed inside or near a tumor for a specific 

amount of time and then withdrawn. Permanent brachytherapy involves placing 

radioactive seeds or pellets (about the size of a grain of rice) in or near the tumor and 

leaving them there permanently. After several weeks or months, the radioactivity level 

of the implants eventually curtails to nothing. The seeds then remain in the body, with 

no lasting effect on the patient. For permanent implants, the radioactive material 

(which is enclosed within small seeds or pellets) is placed directly in the site of the 
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tumor using a specialized delivery device. For temporary implants, needles, plastic 

catheters or specialized applicators are placed in the treatment site. [8] 

A radionuclide’s half life and its initial dose rate determine whether it can be used as 

permanent implant or being used as a temporary implant. Some types of radiation 

sources (isotopes) used in brachytherapy are: iodine-125, palladium-103, strontium-90, 

cesium-137 and iridium-192. In all cases of brachytherapy radionuclides, the source of 

radiation is encapsulated by an inert metal capsule. This encapsulation serves as a shield 

for beta radiation. Mostly the radiation dose deposition is due to gamma radiation 

alone.  However, therapeutic doses are significantly deposited by photons (Gammas, X-

rays) and their secondary particles born on their surfaces due to the photonic 

interactions. 

Brachytherapy is a vast subject by itself and has a history of one hundred years. 

However, brachytherapy is only a curative option to treat cancer[9]. Currently, cervix, 

breast cancer and prostate cancer have shown good success rate.[10, 11] Besides, there 

are few incidences where brachytherapy has not been successful in cervical carcinoma, 

and also some of the prostate cancer cases. This indicates that more treatment specific 

approaches are necessary depending upon the cancer location.  The research work 

presented in this thesis pertains to brachytherapy. In one section of the dissertation 

there is an attempt to demonstrate the novel ways of treating cancer using radioactive 

nanoparticles. Other section demonstrates about Cr-51 radionuclide as a brachytherapy 

seed implant. Both of these sections do not have any inter dependency except their 
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physical forms of source and their radiation effects for comparison. Radioactive 

nanoparticles are of gold in Au-198 and Au-199 isotopes considered separately have 

both effects of betas and gamma radiation on the medium of interest. Whereas, Cr-51 

isotope is considered in a contemporary design for only gamma radiation to the medium 

of interest shielding beta particles. However, the comparison with Cr-51 seed will 

demonstrate the effects of beta radiation from unshielded gold nanoparticles in the 

medium of interest. This work exhibits techniques for dose quantifications that have 

references mostly prior to 20 years.[12-14]. 

 

1.2      Introduction to gold nanoparticles 

Nanoparticles are particulates of material in nanometer scale. There is a very interesting 

phenomenon that nanoparticles behave differently in their physical and chemical 

properties as compared to their bulk size properties[15]. Today it is new emerging field 

of science and with titles such as nano-science, nanotechnology or nano engineering so 

on so forth. Nanoparticulates that are synthesized in aqueous solutions show significant 

promise in medicinal applications. This research field is categorically known as 

Nanomedicine. Nanoparticulates could be made of metallic or non metallic forms. 

Advantages of using nanoparticles are, 

a. Higher surface to volume ratio. 

b. Internalization into cells and their structures. 



6 

 

c. Biological clearance. 

d. Charge effects. 

e. Higher atomic number if they are metallic. 

Gold has been the most preferred element of choices due to its non toxic 

properties.[16] Syntheses of gold nanoparticles involve gold complexes or gold salts that 

are commercially available. Further these gold complexes are to be chemically reduced 

to gold nano particles by suitable chemical reactions. These types of chemical reactions 

are usually performed in aqueous solution for particle suspension. The best solvent for 

such type of chemical reactions is to use deionized water. In principle, all the metallic 

elements are reduced due to charge effects and start to coagulate instantaneously. The 

controlled coagulation process yields larger particles of different sizes. To prevent rapid 

coagulation or slowdown particles coagulating process stabilizing agents like 

carbohydrates or polyphenols are used. Gold nanoparticles are required to be 

characterized for their physical appearances and sizes. Some of the characterizing 

techniques available include a) UV-visible absorption spectroscopy, b) Transmission 

Electron Microscopy, c) Particle Sedimentation Technique, d) Atomic Force Microscopy, 

and e) Dynamic light scattering.  

Well stabilized with good size distribution, the nanoparticles become useful in various 

types of applications. The nanoparticles bear charges [17]and can conjugate or attach 

with other biochemical ligand and become target specific to the histological sites of 



7 

 

interest within the living organism. Two methods to synthesize gold nanoparticles 

available were: 

a. Green nanotechnology 

Scheme: gold complex + phytochemicals + water 

b. THPAL (amino acid analog) reduction method 

 Scheme: gold complex + THPAL + carbohydrates + water 

Green nanotechnology involves synthesizing nanoparticles with natural phytochemicals 

from edible materials. On one hand, this method of synthesis can be a faster and may 

involve fewer steps in the drug development pathways as there are no toxic side effects 

[18-22]. On the other hand, these nanoparticles have certain limitations with increase of 

gold concentrations, yield of uniform size distributions, etc. Similarly, THPAL reduction 

method can synthesize gold nanoparticles with good stability and uniform size 

distributions. This method was preferred a stable method to increase gold 

concentration. These two properties help in target specificity and diagnostic abilities 

when used in treatments. THPAL is a synthetic peptide, with amino acid functionalities; 

this peptide has potential to synthesize gold nanoparticles in controlled size 

distribution[23] and also it aids to increase the gold concentration[24] or content of gold 

in gold nanoparticulate solutions. 
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1.3     Motivation 

The search for better therapeutic ratio will always be there until the last possible normal 

cell can be spared when eradiating cancer tissue. Gold nanoparticles, particularly 

radioactive gold nanoparticles, have shown promising responses when applied in 

therapeutics [25-27]. Radioactive gold nanoparticles of Au198 and Au199 could be 

considered individually for brachytherapy applications.  

Ir-192 is extensively used radionuclide in brachytherapy. It is usually activated to about 

12 Ci/g and contained in the radiation protected containers in the machine used for 

brachytherapy treatment. This machine is called remote after loader. This is computer 

controlled machine and the source (of Ir-192) is briefly introduced into the patients 

through catheters and suitable applicators. Ir-192 has half life of 74 days. It emits both 

gammas with average energy of 380 keV in 100% photon abundance and also betas up 

to the maximum energy of 675 keV.  One isotope of chromium element, Cr-51 has half 

life of 27.7 days. Cr-51 emits both gammas with average energy of 320 keV in 10% 

photon abundance and also betas up to maximum energy of 753 keV. Fundamentally Ir-

192 and Cr-51 are comparative for brachytherapy type of applications. Unlike Ir-192, it 

can be used with any desired dose rates. However, it may be suitable as a permanent 

LDR implant. Also Cr-51 seed could be cost effective as it has lesser radiation safety 

issues in transporting to remote areas as compared to Ir-192. Few characteristics of 

interest for both Ir-192 and Cr-51 with reference to radiation protection are shown in 

Table 1. As first step of proposal for use of Cr-51 in the contemporary brachy seed 
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designs[28] Monte Carlo Simulations to calculate the dose rates have been presented in 

this dissertation report. 

 

TABLE I – THE UNSHIELDED GAMMA RAY DOSE EQUIVALENT RATE AT 1 METER FROM 

POINT SOURCE FOR CHROMIUM AND IRIDIUM NUCLIDES [29] 

Nuclide Energy 

keV 

Prob. 

% 

Half Life 

days 

Γ 

(mSv/h)/MBq 

t 

cm 

µ 

cm-1 

Ir-192 

296 

308 

316 

468 

29 

30 

82.8 

48 

74 1.597×10-4 1.284 2.334 

Cr-51 320 10 27.7 6.32×10-6 0.782 3.833 

  

Γ- Specific gamma ray dose constant, which is unshielded gamma ray dose equivalent 

rate at 1 meter from a point source. 

t= thickness of lead to attenuate gamma rays by 95%. 

µ=linear attenuation coefficient in lead to stop gamma rays by 95%. 
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1.3.1 Gold nanoparticles 
 

Gold nanoparticles due to their sizes can pass through the cellular membrane or other 

pathways. Cellular internalization studies of gold nanoparticles provide insights with 

cellular uptake and this may enhance the scope of gold nanoparticles applications in 

biomedicine. Gold nanoparticles are currently investigated for their potential 

applications as diagnostic/therapeutic agents, therapeutic delivery vectors, and 

intracellular imaging agents.[30, 31] Selective cell and its nuclear matrix targeting by 

gold nanoparticles will provide new pathways for the site specific delivery of gold 

nanoparticles as diagnostic/therapeutic agents. A number of studies have demonstrated 

that phytochemicals in tea have the ability to penetrate the cell membrane and 

internalize within the cellular matrix.[32, 33]  Cancer cells are highly metabolic and 

porous in nature and are known to internalize solutes rapidly compared to normal 

cells.[34, 35] Therefore, it is hypothesized that gold nanoparticles, would show 

internalization within cancer cells. Cellular interaction and their uptake via incubation of 

aliquots of tea reduced gold nanoparticles with prostate (PC-3) cells in vitro studies were 

performed.  As a result, significant internalization of gold nanoparticles was observed in 

PC-3 cells through electron microscopy (Figure 1). The internalization of nanoparticles 

within cellular structures is probabilistic and it could have been via phagocytosis, fluid-

phase endocytosis, and receptor-mediated endocytosis. Gold nanoparticles presence in 

cellular structure in closer vicinity to genetic material such as DNA, RNA poses a greater 

advantage. In principle, if the nanoparticles are energized or made radioactive with 
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average energy of 200 keV at least in beta particle emission then the cell death is 

certain. 

 

 

Figure 1 – Transmission Electron Microscope image 20,000 times magnified in JEOL 1400 
microscope. Tea leaves synthesized gold nanoparticles are internalized in PC3 cells.  

 

1.3.2 Radioactive gold nanoparticles 

The motivation to this work comes from in vivo pre-clinical studies performed on mice 

at VMTH of the University of Missouri. The therapeutic efficacy of radioactive gold 

nanoparticles (198AuNP) was investigated by intratumoral administration of GA-198AuNP 

( Gum Arabic suspended radioactive gold nanoparticles) in prostate tumor bearing mice 
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models.[36]  Figure 2 shows the results from the single dose radiotherapy study of GA-

198AuNP in human prostate cancer bearing SCID mice.[37]  

 

 

 

 

 

 

 

 

 

 

Figure 2 – Therapeutic efficacy studies of Au-198 nanoparticles in prostate tumor 
bearing SCID mice. SCID mice bearing human prostate cancer lines were treated with a 
single dose of 30µl of GA-198AuNP (408 µCi) into the tumor. Tumor volume in cm3 was 
measured every 3 day for 30 days. 

 

Unilateral solid tumors were allowed to grow three weeks, and animals were 

randomized (denoted Day 0) into control and treatment groups (n = 7) with no 

significant differences in tumor volume. On Day 8, 30 μL of GA-198AuNP (408 μCi) was 

injected directly into the tumor to deliver an estimated dose of 70Gy. These dose 

estimations were based on few rudimentary assumptions like amount of human 

prostate cancer radioactivity injected in Curies of activity and confirmatory test of 
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radioactivity presence was recorded using SPECT camera. However, there was no tool to 

quantify the radiation doses. The volume of the injected material contained the mixed 

species of radioactive and non radioactive gold nanoparticles. This mixture complicated 

to pursue quantification of radiation doses from gold nano particulates and its dose 

distribution within the tissue. To overcome these difficulties special techniques of 

dosimetry were necessary [38, 39] with radioactive gold nanoparticles.  At this stage, it 

was imperative to find some tool that would elevate the dose quantification method to 

another level. In that perspective, the radiation absorbed dose and its distribution from 

radioactive gold nanoparticles gel dosimetry was found as the best available choice. This 

method also has ability to quantify dose volumetrically. 

 

1.3.3  Chromium 51  seed 

 Cr-51 isotope behaves in penetration and dose characteristics similar to Ir-192 isotope. 

In this perspective, Cr-51 could be used as a LDR implant. Cr-51 isotope can be produced 

in the nuclear reactor with (n, γ) reaction. MURR has neutron flux of 8×1013 

neutrons/cm2/sec and is accessible to synthesize Cr-51 isotope. In principle, Cr-50 would 

be the target isotope and it has 3.3 barns of neutron absorption cross section. It would 

need approximately about 64 hrs of irradiation time in the reflector region of the 

reactor to get activity of 4 mCi with about 18 mg of Cr-50. Cr-51 can be produced with 

low cost materials such as chromium wire, chromium containing alloys such as nickel 

chrome, and chrome coated titanium wires. On contrary, iridium targets are rare and it 
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involves expensive enrichment processes. Another note to remember is expensive costs 

of handling and shipping of Ir-192 isotope. 

 

1.4    Rationale 

The objectives of this research work are to provide dosimetric measures to new 

methods of treatments proposed in brachytherapy. There are 3 nuclides presented 

here.  To avoid confusion, the readers should make a note that there is no 

interdependence between radioactive gold nanoparticles and the chromium seed.  

They are categorically separated as radioactive gold nanoparticles and chromium seed 

implants. Radioactive nanoparticles of gold have never been used in the past and there 

are no defined mechanisms to understand the dosimetry of these nanoparticles for 

therapy applications. On one hand, attempt has been made to understand and 

estimate the dose deposition and dose distributions of the radioactive gold 

nanoparticles. The radioactive nanoparticles of gold (Au-198 or Au-199), if delivered in 

the target site, may have uniform dose distribution across the site and potentially 

overcome the anisotropy factors measured in conventional brachytherapy seeds.  On 

the other hand, Cr-51 nuclide is considered as brachytherapy seed in conventional 

brachy seed form, a radioactive material encapsulated within inert metal e.g., stainless 

steel, in dimensions of 1.31mm diameter and 1cm length. The brachy seed is in 

cylindrical form and its dose distribution can be quantified based on several dose 
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factors. Dose distribution can be laid out or mapped depending upon the dose rate. 

AAPM (American Association of Physicists in Medicine) recommends a formalism that is 

based on computer simulated values and it is routinely used by all the manufacturers in 

developing the brachytherapy implants for both temporary and permanent. 

  

1.5.    Radiation dose quantifications 

 Ion chambers, TLD’s and X-rays films are commonly used for dose measurements in 

clinical setting. However, these are limited to one or two dimensional dose 

measurement and in retrospect measurements are estimated. Such measurements have 

uncertainties regarding the accuracy of measurements. Whereas, the three dimensional 

dosimetry provides more reliable data that help significantly in relative dosimetry 

analysis. The demand for a tool that can quantify doses in three dimensions has been 

increasing as more advanced radiotherapy techniques continue to grow. For case of 

radioactive nanoparticulates, polymer gel dosimeters will be used to quantify absorbed 

doses of radiation. These dosimeters are gaining preferences for dose distributions from 

a three dimensional perspective. In this approach polymer gel dosimetry[40, 41] has 

characteristic response to the NMR (Nuclear Magnetic Resonance) properties of spin-

spin relaxation time, also called as T2 relaxation time. This type of dosimeters can retain 

therapeutic dose levels and also they have tissue equivalent properties in radiation 

interactions. In principles, within gel dosimeters, radiation induced free radicals initiate 
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polymerization processes from aqueous monomers.[42] This polymerization bears 

directly certain degree of dependency on the energy of the radiation and also on type of 

particle interactions. Chemically induced polymerization has some relationship to the 

absorbed doses in the dosimeter. This response can be easily measured through spin-

spin relaxation time (T2 relaxation) using magnetic resonance imaging scanner.  

The dosimeter consists of monomers suspended in gelatin matrix (semi solid form) as 

shown in Figure 3, which resembles a glue stick, in physical appearance. Any radiation 

exposure to these dosimeters induces chemical reaction, causing monomers to fuse into 

polymers. This polymerization process due to the radiation interactions directly relates 

to the amount of dose deposited in that region.  

The spin-spin relaxation time (T2 relaxation time) of the nuclear magnetic momentum of 

the dosimeter materials shifts in a way that directly relates to the amount of absorbed 

doses in that specific region. This response or time shift can be measured in MR scanner 

with appropriate pulse sequence for e.g. FSE (Fast Spin Echo) pulse sequence. 
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Figure 3 – Gel dosimetry schematics for radioactive gold nanoparticles of Au-198 and 
Au-199. 

 

The dose quantifying schema used to quantify the absorbed doses deposited by 

radioactive gold nanoparticles is shown in Figure 3. Initially, the gel dosimeter was 

calibrated using some known doses. After determining the dose response though T2 

weighted relaxation times, the radioactive nanoparticles were injected in known 

amounts (in Curies) of activity. After certain interval of time, the dosimeters were 

scanned in MR scanner to record T2 time shift response in the dosimeter due to the 

interactions of radiation. 
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1.6.    Organization of thesis   

The research work presented here is about the radiation therapy physics, specifically 

applied in brachytherapy. There are 3 radioactive sources with 2 different modus 

operandi. Two isotopes of gold (Au-198 and Au199) in the nanoparticulates form and 

one isotope of chromium (Cr-51) in the contemporary seed form are considered. Gold 

and chromium studies are presented in separate sections because they are intended for 

different applications.  

This dissertation is organized further in separate chapters as follows: 

Chapter 2 - Background, provides the information about current medical procedures in 

brachytherapy and also presents the reviews about gel dosimetry preferences and its 

applications as suggested by other researchers.  

Chapter 3 – Materials and Methods provides the information about the materials used 

in this research work and also defines about the methods applied to quantify radiation 

dose and its distributions. 

Chapter 4 – Quantification of radioactive gold nanoparticles dose provides the details 

about the results measured obtained with radioactive gold nanoparticles. Both Au198 

and Au199 are discussed in separate sections and there is not intend of comparison 

between them. The results obtained with experimental methods along with that 

obtained through Monte Carlo Simulations are discussed in detail for gammas and betas 

of both Au198 and Au199. 
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Chapter 5 –Quantification of Cr-51 dose provides the details about the results of 

chromium-51 isotope measured with Monte Carlo Simulations. Cr-51 isotope brachy 

seed is considered encapsulated within a different material that shields beta emission 

but high energy gammas. As a first step process only the MCNP calculated values are 

discussed in this section. 
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CHAPTER 2 

BACKGROUND 

2.1      Current medical procedures in brachytherapy 

In this section some of the tools used in the current treatment procedures in 

brachytherapy are discussed. The purpose of this information is to highlight the 

diversified range in techniques applied in the brachytherapy treatments. There are at 

least about 18 different anatomic sites treated with brachytherapy using various 

approaches however it is gaining preferences to treat cancers of cervix, prostate, and 

breast. The choice of applying brachytherapy is generally decided with reference to the 

anatomic site and ease of accessibility by the ability of the site of interest to 

accommodate the radioactive source. The source placement could either be temporary 

or permanent. One of the main accessories used to transport or place the radioactive 

sources is called an applicator. Applicators are chosen depending upon anatomic site, by 

type of implant (permanent, temporary) etc. The details of some applicators used for 

permanent and temporary implants are discussed in the following sections. 

2.1.1 Permanent implants 
 

Permanent implants are small size pellets or seeds of cylindrical shape of sizes of 0.5 

mm in diameter and 5 mm length with rounded ends.[4] The size is compatible to 
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administer with implant needles in the selective regions of body tissues[43]. Most of 

such procedures are categorically placed as surgical and can be painful to the patients. 

Using radioactive nanoparticles could be much easier and less painful compared to the 

contemporary procedures. In permanent seed brachytherapy, clinicians implant these 

seeds at a short distance to cancerous tissue within the organ of interest (for e.g. 

prostate gland). Few applicators used in clinics are mentioned in the following 

paragraphs to highlight their treatment specificity:    

Stainless steel needle: One of the types of applicators that is available in 20 cm length; 

also in sizes of 17 or 18 gauge diameters. This applicator is used with pre-loaded seeds 

and spacers in prostate implants.[44] 

Quick Seeder:  This applicator holds 18 gauge sized needles and it accepts pre-loaded 

cartridges with seeds and spacers in a polysulfone core. This type of applicator is used in 

prostate implant similar to the stainless steel needle mentioned earlier.[44] 

Seed guns: This type of applicator also called as seed gun holds the preloaded magazine 

cartridge that accepts multiple seeds. After loading, the cartridge is attached to the gun 

applicators. Some of the specific designs can eject up to 15 seeds per magazine one at a 

time. These applicators are widely used in intraoperative lung implants, prostate, and 

other clinically qualified sites.[5] 

Absorbable suture: This type of applicator holds seeds unlike other methods mentioned 

earlier. Seeds are actually spaced in suture material which later gets absorbed or 
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dissolves leaving seeds in desired spatial pattern. This is biocompatible method that aids 

in brachytherapy but has other limitations like seed migration or misalignments etc. 

2.1.2 Temporary implants 
 

Temporary implants are briefly placed in the target locations either manually or with the 

aid of loading devices that are computer controlled. Broadly temporary implants are 

categorized as interstitial applicators and intracavitary applicators.  

2.1.2.1   Interstitial applicators 

Stainless steel needle: These needles are usually available in 10, 15 and 20 cm lengths; 

the needle sizes are approximately from 17 gauges to 14 gauges for dispensing the 

brachytherapy seeds.  The choice for the size used is relative to the external diameter of 

the brachy seed or pellet. These types of needle applicators are used to treat for breast, 

base of tongue and rectal implants. 

2.1.2.2   Intracavitary applicators 

Intracavitary radioactive brachytherapy means placement of radioactive materials using 

an applicator into a body cavity. The radiation is exposed briefly through an enclosure to 

the pre defined location for a calculated amount of time (called as dwell time). Only 

clinically accepted radioactive material (Ir-192 or Sr-90 or Cs-137) is used in the 

treatment procedures. The dwell time depends directly upon the on the dose rate and 

the air kerma rate of the isotope applied in the treatments. Some of the applicators 

used in this type of application are known by generic names as follows: 
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Heyman capsule:   Heyman capsules have long thin hollow plastic cylinders which have a 

braided capsule [45, 46]. The lumen of the plastic tube is 1 mm in diameter and extends 

into the capsule. A thin removable non-radioactive steel wire in the plastic tubing and 

capsule provides structural rigidity for easy insertion of the capsule into the body cavity 

for e.g. uterus. The stiffness of the inert steel wire within the plastic tube makes it 

possible to apply enough force on the capsule to distend the uterine cavity. Radium-226 

isotope was the most preferred radioactive source in these types of classic applicators. 

Simon Capsule: These capsules are modified form of Heyman capsule[47]. The 

biocompatible plastic is used for capsules instead of braided wire. Currently, long thin 

flexible tubes are available with different capsule heads (e.g. 4/6/8 mm diameter). By 

individual packing with such capsules, the application can be adapted to the pathologic 

anatomy of the uterine cavity independently[48]. These are compatible with the 

computer controlled loading devices as well. Small radiation sources of Cs-137 or Ir-192 

are used in these types of capsules. 

Fletcher suit tandem:  This brachy applicator has ovoid and tandem. These are two main 

parts in these types of applicators. This applicator is used in the gynecological sites. 

Tandem is inserted into the uterus; ovoid is inserted into the vaginal vault. Typically, 

ovoids are 2 cm diameter by 3 cm height with immovable tungsten shields. They are less 

bulky and lighter for easier placement in human prostate cancer with remote controlled 

procedure. Sources considered with this applicator are mostly isotopes of Cs-137 and Ir-

192.[49, 50] 
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2.1.3 Nanoparticulates in nuclear medicine 
 

Nanoparticles can be synthesized with the aid of natural products (edible) that have no 

toxic side effects; particularly gold nanoparticulates have shown tremendous scope to 

wide variety of medicinal applications. Nanoparticles bear large surface to volume ratios 

and can chemically attach (for e.g. chloroquine,[51]) to target specific vector conjugates 

based on the particles chemical affinity[52]. Gum Arabic is one such type of natural 

product that is used in synthesizing gold nanoparticles as a stabilizing matrix. This is also 

used in synthesis of radioactive gold nanoparticles. Gum Arabic suspended gold 

nanoparticles have shown high affinity to tumor vasculatures.[36] 

 

 
 

2.2   Polymer gel dosimetry 
 

Many chemical compounds undergo structural changes after radiation exposure; this 

phenomenon can be adopted to quantify radiation effects. Since, chemical dosimetry 

directly assesses radiation effects based on ionization; it can be taken as a direct 

measure of dose however there are some limitations to apply for absolute dosimetry. 

Some chemical dosimeters display change of color associated due to the transition of a 

metal ion in a different oxidation state. This allows the evaluation of the change 

sphectrophotometrically. The most commonly used chemical dosimeter is based on the 
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work of Fricke and Morse.[53] In these types of dosimeters radiation interaction oxidizes 

Fe2+ in a ferrous sulfate solution to Fe3+, ferric iron.  The basic reaction can be written as, 

 Fe2++OH+radiation→Fe3++OH- 

Gelatin is used to contain the ferrous ions suspended uniformly in the container (gel 

dosimeter) to validate radiation interactions accuracy. This was one of the important 

enhancements for Fricke dosimetry. However these dosimeters had certain limitations 

like working in controlled environments which lead to other discoveries. With constant 

evolution in research and developments different materials were developed. Presently, 

gel dosimetry is broadly classified into 2 categories as Fricke based gels and the polymer 

gels. All types, of gel dosimeters exhibit physical density in equivalence to living tissue. 

Polymer gels rely on radiation induced polymerization and cross linking of acrylic 

monomers. The radiation products are part of the gel matrix and cannot diffuse within 

the gel. Improved formulation exhibit a linear dose response relationship and is 

independent of radiation energy and dose rate. 

 

2.2.1  Gel dosimeter concept 
 

Lin et. al. have used polymer gel dosimeters concept and named them MAGAT gels[40].  

Their investigations suggested that Fricke gel dosimeters have low sensitivity of dose 

response and the diffusion of ferrous and ferric ions after irradiation degraded the 
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spatial resolution of the dosimeter. MAGAT gels were made using 6% gelatin, 9% 

methacrylic acid, and THPC in aqueous solutions. Earlier researchers reported oxidation 

problems with polymer gels and concluded that gel dosimeters were sensitive in the 

normal atmosphere. To overcome this difficulty in preparation of polymer gels under 

normal atmosphere, normoxic polymer gels were developed that incorporate an anti 

oxidant (e.g. hydroquinone) to scavenge any free oxygen radicals generated within gel 

from inhibiting radiation induced polymerization. Hydroquinone, the most effective anti 

oxidant, was used in smaller proportions with methacrylic acid to get rid of oxygen 

radicals. The accuracy of dose estimation was interpreted as the difference of planned 

and measured dose maps. In conclusion, Lin et al. reported that gel dosimeters have 

good dose response in the range of 0-12 Gy with R-square value of 0.99. 

 
 

2.2.2 Synthesis and characterization of gelatin based dosimeters 
 

The potential advantages of MRI gel dosimetry were recognized several years ago[54] 

(1990), but early experience with the Fricke reaction identified some important 

limitations such as blurring of dose distributions by diffusion of the products of radiation 

interactions. To overcome such difficulties, alternatives to the Fricke effect were 

investigated. Schulz and Fong report the changes in proton NMR relaxation in the gels 

containing acrylic monomers that were exposed to radiation [41, 55]. Later monomer 

based gel dosimeters gained preferences and many researchers accepted this 
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phenomenon to estimate the radiation doses for MRI-based dosimetry. Polymer gel 

dosimeters need one or more acrylic monomers suspended in gelatin (e.g. bovine 

gelatin) for dosimetric studies. These acrylic gels respond to radiation through free 

radical initiated polymerization that is rapidly quenched by oxygen. The loss in 

sensitivity occurs because oxygen scavenges free radical initiators (like OH* and H*) that 

are produced during radiolysis. To avoid oxygen quenching the gels were manufactured 

in hypoxic conditions which involved exposure of toxic gases to personnel and thus 

involved high costs to provide safer environment. To store it in oxygen free zones, gels 

were stored in glass vials, and thus were incompatible for dosimetric use. For all such 

reasons, newer techniques were constantly been in development. Fong et. al. termed 

their polymer gel dosimeters as MAGIC gels.[41] These polymer gels are similar in 

construction to MAGAT gels as explained earlier but use few chemicals in different 

combinations. MAGIC gels are formulated in normal atmosphere and it is preferred 

method to earlier hypoxic polymer gels. However, in conclusion MAGAT gels are 

suggested to be more dose sensitive as compared to MAGIC gels. MAGIC gel dosimeters 

were synthesized using gelatin (300 bloom strength), ascorbic acid, copper sulphate and 

hydroquinone. 

Irradiation:  This section in the synthesis of gel dosimeters demonstrates about 

characterizing gel dosimeters prepared. MAGIC gels in glass tubes were irradiated using 

a 6000 Ci 137Cs gamma ray irradiator, which emits gammas at 662 keV. The samples 

were irradiated at the calibrated dose rate of 1.83 Gymin−1. After exposing to irradiation 
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the transverse NMR relaxation times (T2) were recorded at two different frequencies of 

20 and 85 MHz. Particularly T2 measurement at 85 MHz was acquired through imaging 

of transaxial sections through the tubes using a 31 cm bore 2 Tesla Bruker Avance 

spectrometer.  A 120 mm diameter birdcage coil was used for RF transmission and signal 

reception. T2 measurements were made using single slice (10 mm) axial images 

acquired using a RATE pulse sequence[56], which combines a train of RF refocusing 

pulses with segmented echo planar acquisition for rapid T2 imaging measurements. 

During each of the 32 spin-echo image acquisition periods, 8 independently phase-

encoded gradient echoes were collected. An 80 mm field-of-view (FOV) was encoded 

with 128 samples in the read direction and 128 lines in the phase direction. The echo 

time (TE) of 25 milliseconds and repetition time of 3 seconds (TR) were used, resulting in 

total acquisition time of 1.5 min approximately. The recorded data were fit in at least 

squares fashion to a single exponential. It was also reported that the gel dosimeters at 

room temperature had physical density equivalent to that of tissue at 1060 kg.m-3.   

In conclusion it is major concern that varied compositions of methacrylic acids in gel 

dosimeters at different frequencies of magnetic resonance show unique dose 

responses. Hence while synthesizing the gel dosimeters, it is important to maintain the 

concentration of methacrylic acid and the tuning frequency of the MR scanner to be 

maintained consistent to avoid dose sensitivity.[57]  
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2.2.3 Importance of gelatin concentration 
 

Shin-ichiro et.al. have reported the importance of gelatin and its role with different 

concentrations of gelatin.[58] To achieve that direct temperature monitoring to the 

changes in gel characteristics due to radiation was adopted as the mode of operandi. 

Polymer gel dosimeters are made with gelatin, the main role of gelatin is to suspend 

the synthetic monomers and also prevent the diffusion of the polymer formed after 

interactions with radiation. Polymerization is an exothermal reaction, direct 

temperature monitoring of gel formation after each irradiation process was adapted 

to study the gels behavior. MAGAT gels were considered for measurements with 

varied gelatin concentrations. The sample with concentration of 120 g/L of gelatin 

gelatinized at room temperature. The correlation of temperature changes with 

before and after irradiation process was reported with different concentrations of 

gelatin. There was a rapid rise in the temperature due to radiation induced 

polymerization at the beginning of the irradiation. However it was shown that 

temperature effects have dependency over change of radiation doses except one set 

of samples without gelatin. This means that presence of gelatin initiates the 

polymerization process. Alternatively, few other amino acids like glycine, alanine and 

proline were also tried with success to see similar temperatures effects and 

polymerization.  Although the viscosity of the solutions did increase after irradiation 

but change in opacity was not appreciable.  Also acetic acid and propionic acid, other 

possible agents without amino groups, showed no responses to radiation 
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interactions. In retrospect, it can be concluded that polymerization does occur with 

an amino acid or gelatin. Hypothetically –NH-CH-CO- skeleton, which is common 

structure in gelatin and/or amino acids, may be contributing to the polymerization 

reaction. 

2.2.4  THPC  in polymer gel dosimeters   

 

The radiation-induced polymerization is very sensitive to oxygen. Until a few years 

ago, the only way to avoid the negative effects of oxygen on the polymerization 

process was to remove all oxygen during the preparation process. The preparation 

procedure had to take place in a nitrogen flushed glove box including extensive 

bubbling of the polymer gel with nitrogen. The gel manufacturing process needed 

special equipment and appeared quite elaborative. In 2002, De Deene et. al.[59] 

suggested an alternative solution to use THPC (tetrakis-hydoxy-methyl-phosphonium 

chloride). The THPC functions as an effective oxygen scavenger. THPC was found to 

have the highest scavenging rate and it improved the dose sensitivity of the polymer 

gel dosimeters. 

Bayreder et.al. also have reported [60] about the performance of THPC as an 

oxygen scavenger. The polymer gels made with THPC have better reproducibility, 

accuracy and have good stability. Also it is reported that gel dosimeters made with 

THPC have good dose rate dependence on the basis of MR scanning. However 

accuracy of the gel dosimeters strongly depended on the calibration curve.  
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2.4   Aqueous radioactive gold nanoparticles in brachytherapy  

Nanoparticles are gaining attention due to unique change in characteristics as compared 

their macro or bulk state.  In wider perspective, nanoparticles are types of probe or drug 

carrier agents used in research areas of pharmacology. Also nanoparticles can be tagged 

with many functional moieties for target specificity [61]. Gold nanoparticles in specific 

are being investigated for wide variety of applications in cancer diagnostics and cancer 

therapy.  Gold nano particulate approach may become the most preferred pathway in 

the future, for many medical applications. Aqueous gold nanoparticles can be 

synthesized by various methods. Similarly most of the metallic nanoparticles have been 

characterized, to identify their unique physical and chemical properties. Nanoparticles 

use in medicine is being considered as a novel approach, and this research presented in 

this literature is related to applications in cancer therapy.  Gold in particular is chosen, 

because of its unique and beneficial properties in the nano size. Gold is found to be non 

toxic, when used with conjugation to target specific ligands.[62]  

There are many ways to synthesize gold nanoparticles, of various size and shape. Size 

and shape significantly helps in characterizing gold nanoparticles to make them target 

specific. For radiation applications gold can be neutron activated in the nuclear reactor 

and made radioactive. Radioactive gold nanoparticles of Au-198 and Au-199 are short 

lived isotopes (half life ~ 3 days). These isotopes emit both gammas and beta particles at 

different energy levels. For comparison gamma energy characteristics for both radio 

nuclides is shown in Table 2 to identify that Au198 have longer penetrability as to 



32 

 

Au199.  Both isotopes can be used to treat cancer lesions with their radiation energies 

(betas and gammas) depending upon their suitability and specificity. 

TABLE II – THE UNSHIELDED GAMMA RAY DOSE EQUIVALENT RATE AT 1 METER FROM 
POINT SOURCE FOR GOLD NUCLIDES 

 

Nuclide 
Average Gamma Energy 

 keV 

Half Life 

days 

Γ 

(mSv/h)/MBq 

t 

cm 

µ 

cm-1 

 
Au198 

 
415 2.7 7.88 ×10-5 1.29 2.32 

Au199 166 3.1 1.866 × 10-5 0.186 16.12 

 

 

Γ- Specific gamma ray dose constant, which is unshielded gamma ray dose equivalent 

rate at 1 meter from a point source. 

t= thickness of lead to attenuate gamma rays by 95%. 

µ=linear attenuation coefficient in lead to stop gamma rays by 95%. 

 

2.4   AAPM TG43 recommendations 
 

There are about 6 radionuclides currently used as sealed sources in both temporary and 

permanent implants. They are cobalt 60, cesium 137, iridium 192, iodine 125, palladium 
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103, and strontium-90/yttrium 90[4].  Total dose and the dose rate of these 

radionuclides with respect to the region of interest, are the key parameters that 

differentiate their treatment capabilities and preferences. The physical parameters such 

as half life, source strength, exposure rate or air kerma rate are necessary to evaluate 

total dose or the dose rates. Moreover, the AAPM Task Group 43 (TG-43) protocol 

recommends the absorbed dose formalism, which is the collective effort of all the 

medical physicists in United States through their clinical experience and clinical 

research. This formalism was introduced in 1990, and it describes, two dimensional (r, θ) 

dose distribution for the clinically used radionuclides as shown in Figure 4. The symbolic 

details like t, T and all the angles of geometry are explained in detail within TG-43[63]. 

Earlier this formalism was used for iridium 192 and iodine 125 and in 1995 it was 

expanded to palladium 103 seed sources. Essentially TG-43 with its wide acceptance 

shall be used in this brachytherapy dosimetry study. Briefly, the formalism defines the 

dose rate as, 

D(r, θ) = 𝑆𝑘𝛬 �
𝐺(𝑟,θ)
𝐺(𝑟0,𝜃0)� 𝑔(𝑟)𝐹(𝑟, θ)   

Where, 

Sk   →Air Kerma Strength 

Λ   →Dose Rate Constant 

G (r, θ) →Geometry function 
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G (1,
𝜋
2
) →Reference position 

g (r) →Radial dose function 

F (r, θ) →2D anisotropic function 

 

 

 

 

Figure 4 - Coordinate system used for brachytherapy dosimetry calculations. 

 

Similarly, one dimensional formalism is defined in the TG-43 protocol for point sources, 

which is simpler to the two dimensional formalism. Precise measurement of these 

parameters independently determines the dose rate. The brief details about the 

importance of these parameters are worthwhile to explain as this simulation is applied 

to the chromium isotope in this report.  

Air Kerma Strength: Measured and provided by NIST (National Institute of Standards and 

Technology) as primary standard, is based on wide angle free air chamber. 
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Dose Rate Constant: Calculated based on Air Kerma Strength and reference dose. The 

reference dose is calculated by experimental studies and confirmed by Monte Carlo 

Simulations. 

Geometry function: Provides inverse law square correction. The purpose of a geometry 

function is to improve the accuracy with which dose rates can be estimated by 

interpolation from data tabulated at discrete points. 

Radial dose function: This accounts for dose fall off on the transverse plane due to 

photon scattering and attenuation. It’s a fifth order polynomial fit that may produce 

some erroneous results. 

2D anisotropic function: Describes the variation in dose as a function of polar angle 

relative to the transverse plane. 

Before clinical acceptance to any new brachy sources, TG-43 protocol would be a very 

useful reference for dosimetry evaluations. In broader perspective radiation dosimetry 

depends on mathematical computations, assumptions, and appropriate interpolations. 

However, most of the experimental and computational investigations may still include 

uncertainties.  As per the AAPM recommendation[63], it is required to perform 

dosimetry on every brachytherapy agent with an experiment supported by one Monte 

Carlo simulation.  
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2.5   Monte Carlo Simulation Technique 

 
2.5.1 Introduction 

Monte Carlo simulation deals with statistical sampling of particle histories. It works on 

the principles of random sampling or gambling and derives its name of Monte Carlo 

from the one of the oldest legalized casinos in Europe. Monte Carlo N-Particle Transport 

Code (MCNP) is a software package for simulating nuclear processes. It is developed by 

Los Alamos National Laboratory and is distributed within the United States by the 

Radiation Safety Information Computational Center in Oak Ridge, TN. It is used primarily 

for the simulation of nuclear processes, such as fission, but has the capability to 

simulate particle interactions involving neutrons, photons, and electrons. Specific areas 

of application where it is extensively used, but are not limited to, radiation protection 

and dosimetry, radiation shielding, radiography, medical physics, nuclear criticality 

safety, detector design and analysis, nuclear oil well logging, accelerator target design, 

fission and fusion reactor design, decontamination and decommissioning. Monte Carlo 

methods are very different from deterministic transport methods. Deterministic 

methods, the most common of which is the discrete ordinates method[64], solve the 

transport equation for the average particle behavior. By contrast, Monte Carlo obtains 

answers by simulating individual particles and recording some aspects (called as tallies) 

of their average behavior. The average behavior of particles in the physical system is 

then inferred (using the central limit theorem)[65, 66] from the average behavior of the 
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simulated particles. Deterministic methods typically give fairly complete information 

throughout the phase space of the problem. Monte Carlo supplies information only 

about specific tallies requested by the user.[67] 

 

MCNP is a general-purpose, continuous-energy, generalized-geometry, time-dependent, 

coupled or neutron or photon or electron Monte Carlo transport code. It can be used in 

several transport modes: neutron only, photon only, electron only, 

neutron/photon/electron, photon/electron, or electron/photon. In MCNP use, the 

neutron energy regime is from 10 MeV to 20 MeV for all isotopes and up to 150 MeV for 

some isotopes, the photon energy regime is from 1 keV to 100 GeV, and the electron 

energy regime is from 1 KeV to 1 GeV.  

 

2.5.2 MCNP features 

2.5.2.1 Nuclear data and reactions 

MCNP uses continuous-energy nuclear and atomic data libraries. The primary sources of 

nuclear data are evaluations from the Evaluated Nuclear Data File (ENDF)[68] system, 

Advanced Computational Technology Initiative (ACTI)[69], the Evaluated Nuclear Data 

Library (ENDL)[70], Evaluated Photon Data Library (EPDL)[71], the Activation Library 

(ACTL)[72] compilations from Livermore, and evaluations from the Nuclear Physics (T–

16) Group[73-75] at Los Alamos. Evaluated data are processed into a format appropriate 

for MCNP by code such as NJOY[76, 77]. Photon interaction tables exist for all elements 
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from Z = 1 through Z = 100. The data in the photon interaction tables allow MCNP to 

account for coherent and incoherent scattering, photoelectric absorption with the 

possibility of fluorescent emission, and pair production. 

 

2.5.2.2 Source specification 

MCNP has capability that allows users to specify a wide variety of source conditions 

without having to make a code modification. Independent probability distributions may 

be specified for the source variables of energy, time, position, and direction, and for 

other parameters such as starting cell(s) or surface(s). Information about the 

geometrical extent of the source can also be given. The user can bias all input 

distributions. In addition to input probability distributions for source variables, certain 

built-in functions are also available. These include various analytic functions for fission 

and fusion energy spectra such as Watt, Maxwellian, and Gaussian spectra; Gaussian for 

time; and isotropic, cosine, and mono directional for direction. 

2.5.2.3 Tallies in MCNP 

MCNP accepts instructions to make various tallies related to particle current, particle 

flux, and energy deposition. MCNP tallies are normalized to be per starting particle 

except for a few special cases with nuclear reaction criticality sources. Currents can be 

tallied as a function of direction across any set of surfaces, surface segments, or sum of 

surfaces in the problem. Charge can be tallied for electrons and positrons. Fluxes across 

any set of surfaces, surface segments, sum of surfaces, and in cells, cell segments, or 



39 

 

sum of cells are also available. Similarly, the fluxes at designated detectors (points or 

rings) are standard tallies, as well as radiography detector tallies. A dose deposition tally 

provides the energy deposited in specific region to its unit mass. A pulse height tally 

provides the energy distribution of pulses created in a detector by radiation. In addition, 

particles may be flagged when they cross specified surfaces or enter designated cells, 

and the contributions of these flagged particles to the tallies are listed separately. Tallies 

such as the number of fissions, the number of absorptions, the total helium production, 

or any product of the flux times the approximately 100 standard ENDF reactions plus 

several nonstandard ones may be calculated with any of the MCNP tallies. All tallies are 

functions of time and energy as specified by the user and are normalized to be per 

starting particle. 

2.5.2.4 MCNP Output 
 

The output file contains tables of standard summary information to give the user an 

idea of program compilation. This information can give insight into the physics of the 

problem and the adequacy of the Monte Carlo simulation. If errors occur during the 

running of a problem, detailed diagnostic prints for debugging are given. Printed with 

each tally is also its statistical relative error corresponding to one standard deviation. 

Following the tally is a detailed analysis to aid in determining confidence in the results. 

Ten pass/no-pass checks are made for the user-selectable tally fluctuation chart (TFC) 

bin of each tally. The quality of the confidence interval still cannot be guaranteed 

because portions of the problem phase space possibly still have not been sampled. Tally 
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fluctuation charts, are also automatically printed to show how a tally mean, error, 

variance of the variance, and slope of the largest history scores fluctuate as a function of 

the number of histories run.  

2.5.2.5 Estimation of Monte Carlo Errors 
 

MCNP tallies are normalized to be per starting particle and are printed in the output 

accompanied by a second number R, which is the estimated relative error defined to be 

one estimated standard deviation of the mean divided by the estimated mean . In 

MCNP, the quantities required for this error estimate−−the tally and its second 

moment−−are computed after each complete Monte Carlo history, which accounts for 

the fact that the various contributions to a tally from the same history are correlated. 

For a well-behaved tally, R will be proportional to where N is the number of histories. 

Thus, to halve R, we must increase the total number of histories fourfold. For a poorly 

behaved tally, R may increase as the number of histories increases. The estimated 

relative error can be used to form confidence intervals about the estimated mean, 

allowing one to make a statement about what the true result is. The Central Limit 

Theorem states that as N approaches infinity there is a 68% chance that the true result 

will be in the range and a 95% chance in the range. It is extremely important to note that 

these confidence statements refer only to the precision of the Monte Carlo calculation 

itself and not to the accuracy of the result compared to the true physical value. A 

statement regarding accuracy requires a detailed analysis of the uncertainties in the 

physical data, modeling, sampling techniques, and approximations, etc., used in a 
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calculation. The guidelines for interpreting the quality of the confidence interval for 

various values of R are listed in Table iii. Depending upon the output values of R, as 

shown in the Table III the data can be termed as trustworthy or not. 

 

TABLE III – GUIDELINES FOR INTERPRETING THE RELATIVE ERROR R 

                      
Range of R Quality of the Tally 
0.5 to 1.0 Not meaningful 
0.2 to 0.5 Factor of a few 
0.1 to 0.2 Questionable 

< 0.10 Generally reliable 
< 0.05 Generally reliable for point detectors 

 

Despite one’s best effort, an important path may not be sampled often enough, causing 

confidence interval statements to be incorrect. To try to inform the user about this 

behavior, MCNP calculates a figure of merit (FOM) for one tally bin of each tally as a 

function of the number of histories and prints the results in the tally fluctuation charts 

at the end of the output. The FOM is defined as, 

F.O.M. =  1
𝑅2𝑇

 

where T is the computer time in minutes. The more efficient a Monte Carlo calculation 

is, the larger the FOM will be because less computer time is required to reach a given 

value of R. The FOM should be approximately constant as N increases because R2 is 

proportional to 1/N and T is proportional to N. Examining the tally fluctuation charts is 
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good practice to be sure that the tally appears well behaved, as evidenced by a fairly 

constant FOM. A sharp decrease in the FOM indicates that a seldom-sampled particle 

path has significantly affected the tally result and relative error estimate. 

 

2.5.2.6 Variance Reduction 
 

As noted in the previous section, R (the estimated relative error) is inversely 

proportional to N, where N is the number of histories. For a given MCNP run, the 

computer time T consumed is proportional to N. Thus,  

𝑅 =
𝐶
√𝑇

 

where C is a positive constant. There are two ways to reduce R: (1) increase T and/or (2) 

decrease C. Computer budgets often limit the utility of the first approach. For example, 

if it has taken 2 hours to obtain R = 0.10, then 200 hours will be required to obtain R = 

0.01. For this reason MCNP has special variance reduction techniques for decreasing C. 

(Variance is the square of the standard deviation.) The constant C depends on the tally 

choice and/or the sampling choices. 
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2.5.3 MCNP structure 

MCNP is written in ANSI-Standard Fortran 90[78]. Global data is shared via FORTRAN 

modules. The general internal structure of MCNP is as follows: 

A. Initiation (IMCN): 

• Read input file (INP) to get dimensions; 

• Set up variable dimensions or dynamically allocated storage; 

• Re-read input files (INP) to load input; 

• Process source; 

• Process tallies; 

• Process materials specifications including masses without loading the data files; 

• Calculate cell volumes and surface areas. 

B. MCRUN sets up multitasking and multiprocessing, runs histories, and returns to 

print, write. 

C. RUNTPE dumps, or process another cycle. 
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CHAPTER 3 

                                          MATERIALS AND METHOD 

3.1 Radioactive gold nanoparticles synthesizing methods 

 

198Au - Gold foil 5-30 mgs were irradiated at a neutron flux of 8 ×1013 𝑛
𝑐𝑚2.𝑠

. The 

radioactive foil was subsequently dissolved with aqua regia, dried down and 

reconstituted in 0.05 –1 ml of 0.05 N HCl to form HAuCl4. The radioactive gold 

solution is added to aqueous solutions of gum Arabic (GA), followed by solution of 

THPAL (P (CH2NHCH (CH3) COOH) 3), a modified amino acid acts as reducing agent, 

for formation of radioactive gold nanoparticles of well-defined particle sizes (15-20 

nm). Then the final solution was diluted and prepared to the concentration of 

0.033
𝑚𝑔
𝑚𝑙

. 

199Au, will be synthesized in the similar sequence as 198Au. Platinum foil is irradiated 

at a flux of 8 ×1013 𝑛
𝑐𝑚2.𝑠

. The radioactive foil is subsequently dissolved with aqua 

regia, dried down and reconstituted in 0.05 –1 ml of 0.05 N HCl to form HAuCl4. The 

radioactive gold solution is added to aqueous solutions of gum Arabic (GA), 

followed by THPAL for formation of radioactive gold nanoparticles of well-defined 

particle sizes (15-20 nm). Then the final solution was diluted and prepared to the 

concentration of 0.033
𝑚𝑔
𝑚𝑙

. 
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3.2    Gel Dosimeter Synthesis 

Polymer gels have been synthesized as per the procedure mentioned below. 

Polymer gel formation procedure 

Qty.: 60ml  

Composition: bovine gel (~300 bloom strength), THPC, Methacrylic acid, water. 

1) Add 51.6 ml of DI water in a clean 80ml beaker. 

2) Add 7.2 g of gelatin in the water, and allow it to swell after soaking for half an 

hour. 

3) Heat the contents in microwave for approximately 15 seconds, until the solution 

turns to clear solution. 

4) Add a clean magnetic stir bar to the mixture and stir the solution continuously 

until the solution reaches to 500C. This confirms that gelatin has dissolved 

completely. 

5) Allow the solution to cool down up to 400C. 

6) Make a hydroquinone solution in a separate 20ml vial. 

0.12 g of hydroquinone + 3 ml of DI water 

7) Add the hydroquinone solution quickly in to the molten gel. 

Note: As the temperature of the contents goes down, gelatinization begins to form. 

8) Rapidly add 154.5µl of THPC, in to the mixture. 
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9) Rapidly add 5.4g of methacrylic acid in to the solution. 

10) Solution is stirred for few seconds for the contents to mix homogeneously. 

11) Set the gel immediately, in a transparent plastic tube (50ml centrifuge tube) for 

gelatinization. 

Note: Gelatinization completes in few hours. 

3.3 Dosimetry (Characterization) 

The dosimeters were prepared in batches of 8 to get set of 8 readings. Individual 

dosimeters were treated in 0.5, 1, 4, 8, 16, 32, and 64 Gray of dose with 8X Siemens 

linear accelerator according to the radiation treatment plan. One gel dosimeter was 

the untreated control. The radiation treatment planning was done on a CT image of 

the dosimeter located in a water tank at the isocenter of 100 mm SAD (Source to 

Axis Distance) with XiO 4.60, application software used for teletherapy treatment 

planning procedures. Acrylic tank of 12×12×12 inches was filled with water and up 

to the rim and the dosimeter was held at the center of the tank at 100 cm SAD 

(Source to Axis Distance). Four beam angles at gantry angles of 90o, 1800, 2700 and 

dorsal (00) on 8X Siemens Linear Accelerator were used to deliver uniform doses to 

the gel dosimeter. Field size of 8cm ×8cm was used for all the beam angles. The 

dose distributions planned in XiO treatment planning system is shown in the Figure 

5. The dosimeters were treated in the steps of 0, 250, 500, 1000, 2000, 3000, 4000, 

5000, 6000 and 7000 cGy’s. 
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Figure 5 – Radiation Treatment Plan of gel dosimeter on CT acquired image with 
XiO software (Ver.4.6). Dosimeter was located at 100 mm SAD in an acrylic water 
tank of size 1 cubic foot. 

After the incremental treatment on the dosimeters there was a change in physical 

appearances. All of the dosimeters which were treated with more than 16 Gy of 

dose had change in opacity as shown in Figure 6. This foggy appearance within the 

gel dosimeters is the indication of polymerization due to interaction of radiation. 
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     Figure 6 - The dosimeters treated with Siemens 8X Linac 

3.4 Sample identification 

Samples were identified with ID# to identify the dosimeter batches. There are 4 
digits in the ID #. Detail with one e.g. 

  e.g. 1, 2, 3… 

First digit: is for batch numbers, to keep track between each batch made. 

For e.g. if it is 6th batch and the dose to be delivered is 37.5 Gy, Then its ID# would 
be 6375. 

Next three digits: gives information about doses 
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3.5 MR Scanning 

The dosimeters were then scanned in 1.5T GE MRI scanner with GP Flex® coil at 
Veterinary Medicine Teaching Hospital of University of Missouri on these polymer 
gels using the following MR protocol. 

Pulse Sequence: T2 Transverse 

TR: 5000 ms 

TE: 15, 30, 45, 60, 75 ms 

Slice thk: 5mm 

Gap: 0.3 mm 

Slices: 9 

NEX: 3 

FOV: 16 X 16 

RF Coil: GP Flex® 

Bandwidth: 31.25 

Echo Train length: 16 

Plane: Oblique 

Mode: 2D 

Acquisition timing: Freq x Phase  256 x 192 

 

 

 



50 

 

3.7 SPECT imaging 

There is no dosimetry tool to evaluate radioactive nanoparticles. The first dosimetry 

evaluation that was used to evaluate the radioactive nanoparticles of gold is described 

here.  A previously constructed acrylic phantom of a dog’s head was used in this study 

(Figure 7).This phantom is a realistic- reconstruction of the shape and size of a 50-70 

pound dog. The phantom is divided down the middle and there is a cavity in the central 

portion of the phantom.  This cavity is representative of the nasal passages and sinuses. 

An approximately 1 inch diameter (8-10ml) ball of Play Doh® was injected with 

approximately 200 micro Curies of 198AuCl in solution. 198AuCl in solution used is form of 

gold complex in aqueous medium and not in nanoparticulate form. The Play-Doh® ball 

was then placed into the cavity in the phantom and the two sides of the phantom put  

 

 

 

 

Figure 7 - Phantom set of acrylic construction of beagle dog’s head representing pelvic 
bone and Play-Doh® ball representing prostate gland wrapped with adhesive tape. Left 
picture-Play Doh® ball closed inside the acrylic construction. Right picture

 

 – Inside view 
with one side of the acrylic construction removed. 
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back together and held together with tape. The phantom was placed on the SPECT 

imaging table near the isocenter of the imaging plane. A high energy collimator was 

used along with the detection window of the gamma camera set for the 411 keV 

photon. The radius of rotation was 11 inches, with data acquisition in regular intervals 

with a fixed time of 15 seconds at every interval. The data collection was performed in 

the array of matrix of 128×128. 

3.4    MCNP Simulation 

   Method 

Multiple radiation calculations were performed using MCNP version 5 (MCNP5) 

obtained from Los Alamos National Laboratory (LANL). Full physics modeling utilizing 

photon and electron transport was performed to calculate parameters as accurately as 

possible. For photon interactions, the detailed physics treatment includes coherent 

(Thomson) scattering and accounts for fluorescent photons after photoelectric 

absorption. Form factors and Compton profiles are used to account for electron binding 

effects. Analog capture is always used. For photon transport models thick –target 

bremsstrahlung model is used. This model generates electrons and assumes that they 

are locally slowed to rest. For electron transport all photon collisions except coherent 

scatter can create electrons that are banked for later transport. The cross section data 

libraries used for photon transport are termed as MCPLIB04. Cross section data within 

these libraries for incident photon energies are in the range of 1 keV to 100 GeV.  

MCNP5 uses the data libraries el and el03 for electron interactions. 
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The radioactive sources used in this experiments are both gamma and beta 

emitters. Hence, random sampling of both photons and electrons are necessary in 

modeling such cases. For 198Au and 199Au sources both photons and electrons have to be 

considered since they are applied in to the medium without any shielding. To achieve 

higher efficiency transport models for photons and electrons are simulated in MCNP 

separately for all cases.  However, for 51Cr source only photons will be considered 

because the source is packed in denser material that can absorb beta radiation. For e.g. 

AISI Type 316L, stainless steel. In this work the dose rate factors of the radioactive 

sources will be calculated using MCNP5 code for all of the three sources independently. 

The geometry of the interacting medium will be a 50ml polypropylene centrifuge tube 

as shown in Figure 6. The composition of the gel dosimeter will be as shown in Table IV 

A). Furthermore, the material fractions shown in Table IV B are necessary for MCNP 

models are derived with reference to Table IV A. 
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 TABLE IV A&B – COMPOSITION AND MASS FRACTIONS OF GEL DOSIMETER USED IN 

MCNP MODELING OF Au-198 AND Au-199 SOURCES. 

A)   COMPOSITION OF GEL DOSIMETER  

Chemicals in 
gel dosimeter 

Empirical 
formula 

Mol. 
Wt., 

gm/mol 

Wt. in 
sample, 

g 

C H N O P Cl 

12 1 14 16 31 35.45 

Methacrylic 
acid C4H6O2 86.09 5.4 4 6   2     

Gelatin C37H60N12O12 864 7.2 37 60 12 12     

THPC C4H12O4PCl 190.56 0.1656 4 12   4 1 1 

Water H2O 18 54.641   2   1     

Hydroquinone C6H6O2 110.11 0.12 6 6   2   

 
   

 B)    MASS FRACTIONS OF CONTENTS OF GEL DOSIMETER  

C H N O P Cl 

10.12 10.31 2.07 77.41 0.04 0.05 

 

The absorbed dose was calculated in average Rads/photon using F6 tally for photon 

transport. Similarly, the absorbed dose was calculated by taking the ratio of energy 

absorbed to the mass of the volume element (voxel) in question using MCNP *F8 tally 

for electron transport. Voxel computational cells were placed in selected positions 

necessary to determine relevant dosimetry parameters. The total number of photons 
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transported for every simulation run was 109 in order to arrive at relative errors < 0.1%. 

The number of electron transported per calculation was 106 in order to arrive at relative 

errors < 0.1. 

Source definition in this modeling was the key specifically for the radioactive gold 

nanoparticles of Au-198 and Au-199. The source was assumed to be of spherical volume 

of radius 0.25 cm. This assumption is based on the nanoparticulate spread by its flow 

within the gel dosimeter after the injection of desired quantity. The source distribution 

and probabilities for all possible radiation that is more than 50 keV and at least with 

0.1% of abundance was weighted appropriately for all the MCNP runs and particle 

histories will be run until estimated errors are well within the acceptable limits (< 0.10). 

 

3.6.2 The MCNP geometry models 

3.6.2.1 Model for radioactive nanoparticles 

 The MCNP geometry model for the radioactive gold nanoparticles of Au-198 and Au-

199 is shown in the Figure 8. This geometry shown is not drawn to scale and is only 

conceptual. The gel dosimeter is held in cylindrical shaped container that has 

dimensions of 2.66 cm diameter and 11 cm length. The imaginary spheres indicate 

different regions of interest or cells in MCNP5 to evaluate tallies. The central core 
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part represents the source in spherical volume. This region that represents source is 

assumed and approximated based on the injected solution spread in that medium. 

 

 

Figure 8 -The MCNP model for radioactive nanoparticles. 

3.6.2.2 Model for Cr-51 seed 

The MCNP geometry model for the proposed Cr-51 brachytherapy seed is shown in 

Figure 9. This model is not drawn to scale but is conceptual representation. The 

dimensions of the seed are 1.31 mm in diameter and 1 cm in length. This 

assumption was based on the available raw material. This is fairly good 
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assumption that resembles other clinically used brachy seed designs. The seed 

is placed in the water medium. Regions of interest or cells in MCNP5 were 

created in such a way that conveniently follows the AAPM TG43 protocol 

recommendations.  

                        

Figure 9- The MCNP model for Cr-51 brachytherapy seed. The dark blue region or cell 4 
in MCNP5 is Chromium material. The violet regions or cells 1, 2, and 3 are representing 
material for encapsulation of stainless steel. The cells 5, 6, 7, etc. are for different tallies 
that follows the AAPM TG43 protocol. 
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3.1.3. Physical Source description 

3.1.3.1. Gold nanoparticles 

The MCNP models for both Au-198 and Au-199 are experimented separately. The 

photon energy spectrum of both X-rays and gammas which are >50 keV and with 

abundance of at least 0.1% as shown in Table V were used for Au-198 to simulate 

emissions from Au-198. The beta emissions shown in Table V are the most applicable 

values of energy. However, the beta spectrum[79] of Au-198 shown in Figure 10 was 

used for MCNP5 electron transport model of Au-198. 

TABLE V – DECAY PROPERTIES OF Au-198 

Type of emission E (keV) Abundance (%) Decay Mode 

X-rays 

68.9 0.8 Hg Kα2 

70.8 1.3 Hg Kα1 

79.8 0.1 Hg Kβ3 

80.2 0.3 Hg Kβ1 

82.5 0.1 Hg Kβ2 

Gammas 

411.8 96 β- 

675.9 0.8 β- 

1087.7 0.2 β- 

Betas 

284.8 1 β- 

960.7 98.99 β- 

1372.5 0.025 β- 
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Figure 10 The beta energy spectrum of Au-198 isotope[79]. The maximum beta energy 
is 1372.5 keV. 

 

The photon energy spectrum of both X-rays and gammas which are >50 keV and with 

abundance of at least 0.1% as shown in Table VI were used for Au-199 to simulate 

emissions from Au-199. The beta emissions shown in Table VI are the most applicable 

values of energy. However, the beta spectrum[79] of Au-199 shown in Figure 11 was 

used for MCNP5 electron transport model of Au-199. 
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TABLE VI - DECAY PROPERTIES OF Au-199 

Type of 
emission 

E (keV) Abundance (%) Decay Mode 

 

X-rays 

68.9 5 Hg Kα2 

70.8 8.6 Hg Kα1 
79.8 1 Hg Kβ3 
80.2 2 Hg Kβ1 
82.5 0.7 Hg Kβ2 
82.7 0.1 Hg Kβ4 

Gammas 
49.8 0.36 β- 

158.4 40 β- 
208.2 8.7 β- 

Betas 

244.1 21.5 β- 
293.9 72 β- 
452.3 6.5 β- 

 

       

Figure 11 The beta energy spectrum of Au-199 isotope[79]. The maximum beta 
energy is 452.3 keV. 
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Both Au-198 and Au-199 have significant beta energies. The absorbed dose or the 

radiation dose deposited by these nuclides is from both high energy photons and also 

the electrons. To compute the absorbed dose, the dose rate of the radionuclide in 

question is determined first. The dose rate is summation of dose rates from photons 

and electrons. For simplification of the MCNP5 model the photon and electron transport 

models are run separately for both Au-198 and Au-199 nuclides. Mode card, a data 

section within MCNP5 coding determines the type of transport models. In MCNP5 

photons only transport model is used as Mode P E.  This tallies all the photons that were 

born randomly from the source cell.  Also the secondary electrons generated due to 

photonic interactions were also tallied in this mode.  

In MCNP5 electrons only transport model is used as Mode E. This tallies all the electrons 

that were born randomly from the source cell until they were terminated in the process. 

Also the secondary photons generated due to electron collisions were banked and 

tallied. Both Au-198 and Au-199 nuclides had 2 models each. For Au198 MCNP model 

and Au199 MCNP model spherical geometry radius 3.16 mm and 10.7 mm were applied. 

This approximate assumption is based upon the mimic of the spread of nanoparticles 

within gel dosimeters after injection. Also the MCNP5 transport models of Au198/Au199  

have another assumption of uniform distribution of photons throughout the volume. 
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3.1.3.2. Chromium 51 

The MCNP model for Cr-51 has cylindrical geometry of 0.51 mm and 1 cm. The material 

used for source is enriched Cr-50. The source was encapsulated with AISI Type 316L 

stainless steel that has density of 8.02 g/cc to stop all the beta radiation. The thickness 

of steel was derived from the standard reference of beta range spectrum of ICRP 

(International Commission on Radiological Protection) shown in Figure 12. The 

maximum beta energy of Cr-51 is 752.8 keV and about 0.4 mm thick stainless steel 

should be able to absorb almost all of the beta energies. In MCNP5 code for photon only 

transport encapsulation of stainless steel of at least 0.4 mm is added on the surface of 

Cr-50 material. Also the electrons transport model for CR-51 is considered to compute 

the dose rate, if by bremsstrahlung radiation. Source biasing is used as a variance 

reduction technique to mitigate the self absorption factor. 
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Figure 12 Range of beta particles energy in inches in some various media.  
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CHAPTER 4 

QUANTIFICATION OF RADIOACTIVE GOLD NANOPARTICLES DOSE 

The order of data presentation 

4.1     Gel dosimeter calibration 

4.1.3 Gel dosimeter consistency 

4.1.3 Treatment plan 

4.1.3 MR Imaging 

4.2     Au198 nanoparticles 

4.2.1 MR Imaging 

4.2.2 SPECT Imaging 

4.2.3 MCNP models 

4.2.3.1    Photon transport  

4.2.3.2    Electron Transport 

4.3      Au199 nanoparticles 

4.3.1 MR Imaging 

4.3.2 SPECT Imaging 

4.3.3 MCNP models 

4.3.3.1     Photon transport 

4.3.3.2     Electron transport 
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4.1        Gel dosimeter calibration 

4.1.1  Gel consistency 

To check the consistency of gel dosimeters 3 separate batches of gel dosimeters were 

synthesized as described in Chapter 3. Three batches, made in separate batches were 

chosen for statistical significance. Each dosimeter was scanned on MR scanner to check 

the consistency across the three batches. For each dosimeter T2 Transverse pulse 

sequence was applied on GE 1.5T MR scanner.  Each dosimeter was scanned 4 times 

with echo times of 15, 30, 45 and 60 ms. With reference of SNR=100 % (signal to noise 

ratio), field of view (FOV=16 × 16 cm2) and thickness (=5mm) of the slices were used. 

Data was acquired across frequency and phase of 256 × 192 for about 3.8 minutes. 

Averaging 3 ROI (regions of interest) per slice the T2 relaxation was measured for all the 

three batches. The relation between T2 relaxation times in milliseconds against the TE in 

milliseconds as shown in the Figure 13 plotted. 
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 Figure 13 – Gel dosimeter consistency response. Dosimeters made in separate batches 
were scanned in GE 1.5T MR scanner with T2 Transverse pulse sequence at various TE, 
echo times of 15, 30, 45 and 60 milliseconds. T2, spin-spin relaxation time in 
milliseconds was the response collected against the all the TE’s. 

 

4.1.2  Treatment plan  

 

CT (Computer Tomography) imaging of tank and phantom are calibrated. CT used to 

model the dose determination. 4 field plans was placed at equal intervals of 900 to 

maintain the dose homogeneity. Effective dose weights were applied depending on the 

percentage depth dose (PDD) at every field. The sample holder at the center of the tank 
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was in one fixed position. The distance from the surface of the water to the central axis 

of the sample at 0, 90, 180, and 270 were 13, 15.3, 13.1, and 14.6 cm respectively. The 

PDD at the axis of the sample for the fields at 0, 90, 180, and 270 were 0.764, 0.706, 

0.761, and 0.725 respectively. Field size of 8 cm × 8 cm was used for all the beam angles. 

One dosimeter per dose was used. The dosimeters were treated at 0, 2.5, 5, 10, 20, 30, 

40, 50, 60 and 70 Gray. Each dose was delivered equally from all the beam angles to 

maintain homogeneity. 

4.1.3 MR Imaging  

 

8 dosimeters were used for calibration study. Every dosimeter was scanned on 1.5T GE 

MR Scanner with Fast Spin multi spin echo T2 Transverse pulse sequence. The samples 

were scanned for 4 different echo times for e.g. 15, 30, 45, and 60ms with long TR 

(Repetition time) of 5000 ms. Saline bags were used around the dosimeter to 

homogenize field response. The random circular ROI (region of interest) of 69.03mm2 

was considered. The average of T2 relaxation times of that ROI size was recorded from 5 

different slices of 5 mm thickness for statistical significance. Then it was repeated for at 

least 4 different echo times in incremental order. Two sets of MR images for 30 and 70 

Gy dose are shown in Figure 14 & Figure 15 in sequence to demonstrate the 

polymerization due to interaction of radiation. Change in physical appearance for both 

of the dosimeters was there but not distinct. However, the MR response to these 

changes was clearly distinct between these two dosimeters. This change of contrast 
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across the images is the polymerization response that is required to evaluate to co-

relate it to the absorbed doses. 

 

 

 

 

 

 

 

 

 

Figure 14 – (Top) this is an image of 3D localizer, wherein MR scanner by default will 
scan briefly sample in Transverse/Sagittal orientations, which further helps to locate 
sample and choose the area of interest for full scan. (Bottom) MR Images obtained with 
30 Gy dose at TE=14.5 ms, TE=33.9 ms, TE=53.3 and TE=63 ms, TR=5000 ms, slice 
thickness = 5mm, Transverse T2 weighted imaging. Two large regions around the 
dosimeter were of saline bags, which were used for homogeneous field response. 
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Figure 15 – (Top) this is an image of 3D localizer, wherein MR scanner by default will 
scan briefly sample in Transverse/Sagittal orientations, which further helps to locate 
sample and choose the area of interest for full scan. (Bottom) MR Images obtained with 
70 Gy dose at TE=14.5 ms, TE=33.9 ms, TE=53.3 and TE=63 ms, TR=5000 ms, slice thk= 
5mm, Transverse T2 weighted imaging. 
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In the next step, T2 relaxation times and echo times were plotted for every 

dosimeter as shown in Figure 16. The change in T2 responses across the dosimeters 

is distinct and represents decay of the signal with increase in echo times. The 

responses from each dose curve distinctly show characteristic slopes.  Each curve 

represents the dose response of the dosimeters treated with 20X Linac (Siemens 

Mevatron).  
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     (B) 

 

     (C) 

Figure 16 A, B, C, – Normalized T2 relaxation time as function of echo time. The 
dosimeters treated with lower doses in the range, 0-40 Gy show linear response. With 
increase of dose >40 Gy, the curve shows exponential responses. The results are shown 
in mean T2 relaxation time ± standard error. The standard deviation is more to the 
dosimeters treated with doses >70 Gy. 
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Further slopes of the curves for each dosimeter across the set of echo time intervals 

were derived from the chart equation calculated in MS® Excel. Dose response curve is 

plotted with a convenient function R2 (slope of the normalized T2 relaxation curve,  
1
𝑠𝑒𝑐

 ) 

is used for demonstration as shown in Figure 17. This will be an important curve 

referred as ‘Calibration Curve’ that determines the unknown doses from the radioactive 

nanoparticles of Au198 and Au199.  

 

Figure 17 – Dose Calibration Curve. 
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It can be inferred from this calibration curve that gel dosimeters used in this study 

showed meager to no dose response of T2 relaxation time up to 40 Gy. However, the gel 

dosimeters showed relatively linear dose response changed between 40 Gy to 70 Gy. 

Beyond 70 Gy the response of the gel dosimeters seems untrustworthy with reference 

to the standard deviation as shown in Figure 16C. 

4.2        Au-198 nanoparticles 

 

Radioactive gold nanoparticles of Au-198 with 800 µCi in 

volume of 200 µl were injected with 25 gauge needles in the 

gel dosimeters in the controlled facility. The red spot at the 

middle of the dosimeter indicate localized nanoparticles as 

shown in Figure 18.  

 

 

Figure 18 – Radioactive nanoparticles injected in gel dosimeter. The red spot in the 
center is nanoparticles spread volume, was approximately about 0.5 cm in diameter. 
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4.2.1 MR Imaging 

 

The dosimeters after injecting were quarantined for at least 2-3 half lives to ensure 

some dose deposition for quantification. The dosimeter was then scanned on GE 1.5T 

MR scanner with GP Flex® coil. A FRFSE (Fast Relaxation Fast Spin Echo) pulse sequence 

was applied with the MR protocol as explained earlier.  T2 relaxation time was acquired 

in steps of 15, 30, 45 and 60 ms echo times. The dark contrast region as seen in Figure 

19 is the dose distribution of radioactive gold nanoparticles of Au-198 from 800 µCi of 

activity. This is significant information for dose mapping, from the complexity involved 

with Au-198 nanoparticles in dose quantification. 

Region R shown in figure 19 is one another important information about the material 

backflow effect. It was observed that radioactive nanoparticles at the time of injection, 

pose high probability of backflow into the port of injection. This can be avoided with 

application of gentle pressure on the syringe. There was an attempt made to quantify 

the radiation absorbed dose due to Au-198 nanoparticles. It was observed that the gel 

dosimeters had threshold dose response limits around 70 Gy. The mean T2 relaxation 

time of the gel dosimeter measured with different intervals of echo times (15, 30, 45, 

and 60 ms) in the region of interest  (circled in Figure 19) from Au-198 nanoparticles is 

plotted with 0 Gy, 70 Gy responses are shown in Figure 20.  
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Figure 19 – MR Image in Sagittal section with T2 weighted imaging with FRFSE pulse 
sequence. The dosimeter, cylindrical shaped object with apex was held between saline 
bags for better field response. The region marked inside the circle is the dose response 
from radioactive nanoparticles (Au-198). The dose response in region R is due to particle 
backflow during injection. 
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Figure 20 – T2 relaxation time plots of dosimeters at different echo times of 0 Gy, 70 Gy 
and unknown dose (Au-198 nanoparticles). From these plots it can be deduced that the 
radiation absorbed dose from Au-198 nanoparticles is >70 Gy. However it was difficult 
to measure that dose precisely beyond the threshold limit ~ 70 Gy of gel dosimeter. 

 

This comparison reveals that dose deposited in the gel dosimeter across all of the echo 

times is >70 Gy. Dosimeters that have higher threshold limits as shown in Figure 20 

could be better choice for such quantifications. 
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4.2.2 SPECT Imaging 
 

Au-198 nanoparticles in liquid form, was prepared in dilution with non radioactive gold 

nanoparticles of the same size. This was necessary to validate the required minimum 

volume of injection. After injection in to the gel dosimeters, Au-198 nanoparticles 

diffused in the gel dosimeter along with non radioactive nanoparticles, which were 

added to match the required number of gold concentration (~33µg/ml). Attempt was 

made to acquire dataset with SPECT images from high resolution gamma camera as 

shown in Figure 21. The SPECT image of Au-198 in dosimeter was acquired peaking 

gamma energy at 64 different projections 

around 360⁰ to the gel dosimeter . The 

radioactive hot spots were observed and 

recorded.  

 

Figure 21- SPECT image of Au198 in the 
gel dosimeter. 
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Figure 22 – Sinogram for Au-198 nanoparticles. (Left) The Sinogram for the full data set. 
(Right) 16 sets of Sinogram, each representing set of 4 projections. 

 

One commonly used way to display a full set of projection data is in the form of a 2 

dimensional matrix formed by r (location in the projection) and θ (rotation angle of the 

projection). The Sinogram shown in the Figure 22 provides a convenient way to 

represent the full set of data acquired during a scan as shown. The artifacts during data 

acquisition of Au-198 are distinct in set of Sinograms. 

In retrospect, SPECT image is significant information about radioactivity distribution as it 

discriminates between the cold and hot spots of radioactivity in the gel dosimeters. 

Further, with the aid of image registration technique, it could be mapped along with MR 

images to signify dose quantification. 

4.2.3 MCNP Simulations 
 

Au-198 isotope is both gamma and beta emitter. For MCNP model that mimics 
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brachytherapy of Au-198 nanoparticles interaction of both gammas and betas with 

tissue are considered. To keep simpler and efficient, MCNP code for Au198 was 

simulated for photon transport and electron transport separately. Volumetric source 

considered were measured from the MR images for both Au198 and Au199 models. 

MCNP model of Au198 representing as volumetric source was estimated to a sphere of 

radius 3.16 mm. Similarly, MCNP model of Au199 representing as volumetric source was 

estimated to a sphere of radius 10.7 mm. Dose profiles of both betas and gammas for 

both of the MCNP models were created to estimate the radiation interactions. 

Individual cells in concentric spheres in steps of 0.05 cm radial increments were used for 

purpose of MCNP simulation tally. 

4.2.3.1 Photon transport 

In photon transport, the source is isotropic and volumetric geometry. Both photons and 

photon generated electrons were transported using MODE P E card. F6 Tally, tallies the 

amount of energy deposited in 
𝑀𝑒𝑉
𝑔

  was defined in the MCNP input deck (code 

sequence) to calculate dose deposited per photon in all cells in question. With this 

information average dose rate can be computed for any Curies of radioactivity that 

emits gamma radiation. A dose rate profile as shown in Figure 23 demonstrates dose 

rate in cGy/hr from center of the source towards the outer surface of the dosimeter (~ 

1.3 cm).  Dose falls off sharply towards the end of diffused length (marked region in 

Fig.19). 

Activity of Au-198 injected = 800 µCi 
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= 1.0229 ×1010 photons.hr-1 @ gamma rays abundance = 1.0  

 

     

Figure 23 – Dose Rate of Au198 photon transport that includes other secondary 
particles born with photon interactions. 

 

4.2.3.2 Electron transport 

In electron transport, the source considered is isotropic and spherical volume in 

geometry. Electrons are transported with MODE e card in the MCNP input deck. *F8 

Tally card is called, that tallies the total amount of energy deposited by electrons in 
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periphery of the source. The source strength of 800 micro Curies determined the dose 

rate of electrons at those intervals. A dose rate profile representing all of the point 

detectors is shown in Figure 24.  

Activity of Au-198 injected = 800 µCi 

= 3.5129 ×1010 electrons.hr-1 

*F8 tally results obtained from MCNP simulation was the amount of energy deposited in 

the gel dosimeters from the surface of the source. 

           

Figure 24 – Dose Rate of Au198 electron transport. The homogeneous volumetric source 
of 0.316 cm radius was used. The dose rates shown in the plot are measured from the 
center of the source sphere formed with nanoparticles diffusion. 
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4.3        Au-199 nanoparticles 

 

Radioactive gold nanoparticles of Au-199 with 500 µCi in volume of 200 µl were injected 

with 25 gauge needles in the gel dosimeters in the controlled facility. Physical 

appearance of red spot (similar to Figure18) at the middle of the dosimeter transformed 

the reactants (methacrylic acid) to dense polymeric material as shown in Figure 25. This 

was chosen to demonstrate the effect of radiation from Au-199 nanoparticles on the gel 

dosimeter. The bright white material (polymerization in process) at the middle of the 

dosimeter shown in Figure 25 indicates radiation interactions of Au-199 nanoparticles 

with methacrylic acid molecules. This transformation was pictured after 24 hrs of 

exposure from the day of injection. 

 

 

 

 

 

 

Figure 25 – Photograph taken after 1 day of radioactive nanoparticles of Au-199 
injected in gel dosimeter. 
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4.3.1 MR Imaging 
 

The dosimeters after injecting were quarantined for at least 2 half lives. This was to 

allow radiation to deposit some dose in the gel dosimeter and also from the radiation 

safety perspective. The dosimeter was then scanned on GE 1.5T MR scanner using GP 

Flex® coil for T2 weighted imaging with FRFSE pulse sequence. T2 relaxation time was 

acquired in steps of 15, 30, 45 and 60 ms echo times. The dark contrast region as shown 

in Figure 26 is the dose distribution of radioactive gold nanoparticles of Au-199 from 

500 µCi of activity. This is significant information for dose mapping, from the complexity 

involved with Au-199 nanoparticles in dose quantification. 

The large circular region inside the dosimeter as shown in Figure 26 is the region of 

interest where radioactive materials were injected. The black spot at the center is due 

to air bubble. Air bubble was deliberately introduced in the dosimeter as a marker. 

However, the bright spot surrounding the marker could be due to oxygen scavenging by 

THPC or it could be due to localization of non radioactive nanoparticles in that region 

which are proportionally more in percentage (1000:1) to radioactive nanoparticles. 

Region R shown in Figure 26 is one another important information about the material 

backflow effect as explained earlier with Au-198 nanoparticles. Unlike, Au-198 there 

was sharp drop in T2 relaxation times with predefined echo times. Due to heavy 

interactions of radiation the gel dosimeters may past their threshold dose response 

limits (~ 70 Gy) and could not be validated for dose measurements. However the region 
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of dose deposits provides important information that can be used to develop dose 

maps. The mean T2 relaxation time of the gel dosimeter measured with different 

intervals of echo times (15, 30, 45, and 60 ms) in the region of interest  (circled in Figure 

26) from Au-199 nanoparticles is plotted along with 0 Gy, 70 Gy responses are shown in 

Figure 27.  
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 Figure 26 – MR Image in Sagittal section with T2 weighted imaging with FRFSE pulse 
sequence. The dosimeter, cylindrical shaped object with apex was held between saline 
bags for better field response. The region marked inside the circle is the dose response 
from radioactive nanoparticles (Au-199). The dose response in region R is due to particle 
backflow during injection. 
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Figure 27 – T2 relaxation time plots of dosimeters at different echo times of 0 Gy, 70 Gy 
and unknown dose (Au-199 nanoparticles). From these plots it can be deduced that the 
radiation absorbed dose from Au-199 nanoparticles is >70 Gy. However it was difficult 
to measure that dose precisely beyond the threshold limit ~ 70 Gy of gel dosimeter. 

 

This comparison reveals that dose deposited in the gel dosimeter across all of the echo 

times was found to be >70 Gy. However, dosimeters that have higher threshold limits 

could be of better choice for such quantifications. 
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4.3.2 SPECT imaging 
 

Au-199 has 150 keV photons with 40% abundance. The activity locations of Au-199 

nanoparticles within the gel dosimeters can be peaked with LEAP (Low Energy All 

Purpose) collimator. However, mixed species of Au-199 nanoparticles with Au-198 

nanoparticles was observed after neutron activation. Separating these species is not 

part of this research but evaluations were. SPECT imaging peaked with high energy 

collimator for Au-199 nanoparticles estimates the proportions of Au-198 mix, through 

the number of counts received by the detector. It was estimated that Au-198 to Au-199 

was in the ratio of 1:8. This measuring step with SPECT also serves in the quality 

assurance of Au-199 nanoparticles applications. SPECT image shown in Figure 28 

estimates the activity locations of Au-199 in the gel dosimeter. 

                                    

                          Figure 28 - SPECT image of Au-199 in the gel dosimeter. 
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                Figure 29 – Sinogram for Au-199 nanoparticles. 

                        

The Sinogram shown in the figure 29 provides a convenient way to represent the full set 

of data acquired during a scanning process. The artifacts during data acquisition of 

Au199 can be observed in 16 different Sinogram sets. Each set represents data from 4 

projection locations. 

4.3.3 MCNP models 
 

4.3.3.1 Photon transport 

In photon transport of Au199, the source is assumed isotropic and is spherical volume in 

geometry. The source radius of 10.7 mm was derived from the MR image as marked in 

Figure 26. Both photons and photon generated electrons were transported using MODE 

P E card. F6 Tally card use in the MCNP code sequence calculates the dose deposited by 

average photons at points of interest within the defined geometry. The source strength 

of 500 micro Curies determined the dose rate of photons at 0, 0.4, 0.8, 2, 5, 10, 11.4, 
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11.7 and 12.5 mm intervals with point detectors of radius 100 microns. F6 Tally results 

of average Rads/photon from Au199 photon spectra > 50 keV is converted to cGy/hr.  A 

dose rate profile (Figure.30) that represents all of those point detectors placed in one 

direction (x-axis) from the center of the source through the periphery of the source.  

Activity of Au-199 injected = 500 µCi = 1.3320 ×1010 photons.hr-1 

               

Figure 30 – Dose rate profile of Au199 photon transport. The homogeneous                 
volumetric source of 10.7 mm radius was used. The dose rates shown in the plot are 
measured from the center of that source in regular intervals through the periphery of 
the source. 

 

4.3.3.2 Electron transport 

In electron transport of Au199, the source considered is isotropic and spherical volume 

in geometry. Electrons are transported with MODE e card in the MCNP input deck. *F8 

Tally is called, that tallies the total amount of energy deposited by electrons in MeV. 

0 

0.05 

0.1 

0.15 

0.2 

0.25 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 

D
os

e 
ra

te
, c

G
y/

hr
 

Distance, cm 

Dose rate profile of Au199 photons 



89 

 

Small detectors of radius 100 microns were placed at 0, 0.4, 0.8, 2, 5, 10, 11.4, 11.7 and 

12.5 mm to calculate the amount of energy deposited by electrons in the cell volumes in 

one direction starting from the center of the source through the periphery of the 

source. The source strength of 500 micro Curies determined the dose rate of electrons 

at those intervals. A dose rate profile representing all of the point detectors is shown in 

Figure 31.  

Activity of Au-199 injected = 500 µCi = 1.1988 ×1010 electrons.hr-1 

*F8 tally results obtained from MCNP simulation was the amount of energy 

deposited in the gel dosimeters from the surface of the source. 

 

Figure 31 – Dose rate profile of Au199 electron transport. The homogeneous volumetric 
source of 10.7 mm radius was used. The dose rates shown in the plot are measured 
from the center of that source in regular intervals through the periphery of the source. 
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CHAPTER 5 

QUANTIFICATION OF CHROMIUM-51 DOSE 

2.3.1 Cr-51 isotope  

51Cr is radionuclide, which has a half life of 27.7 days. This is a synthetic isotope and it 

can be synthesized only in the nuclear reactor.  51Cr has gamma energy of 320 keV with 

abundance of 10%. This isotope may be considered as both high dose rates (HDR) and 

low dose rates (LDR) temporary or permanent implants in brachytherapy treatments. 

Permanent implants also called ‘brachy seeds’ and are usually packed with radioactive 

material in the cylindrical shells made of stainless steel with the dimensions of 0.8mm in 

diameter and 5mm long.[80] There exist a long list of various seed designs but most of 

them are in close match to the dimensions specified. The chromium filled seeds can be 

made with a simple technique and they can be neutron activated in the nuclear reactor. 

To obtain chromium targets either enriched or chromium alloys can be considered. The 

alloys that qualify for activation in the nuclear reactor should strictly have contents that 

if get activated will not yield long lived isotopes. Basically, for activation 50Cr is the 

required as a target isotope.  Natural chromium has ~4.345% of 50Cr, which can be 

considered for activation. The absorbing cross section for 50Cr is 3.1 barns. The other 

composites in the natural chromium are 84% of Cr-52 and 9.5% of Cr-53 which are 

stable and there is no stray radiation contamination from them. These seeds could be 

activated at Missouri University Research Reactor (MURR). The MU reactor has neutron 
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flux of 8×1013 𝑛
𝑐𝑚2.𝑠

. Neutron irradiation process shall be very brief to get enough 

radioactivities that are within safe limits. The radioactivity should be approximately 

about 40mCi, it is about 0.4 mCi is standard value currently used for iodine-125(I-125) 

brachytherapy seeds that are used for LDR implants[81].  

 

MCNP Simulations→ Photon transport 

The dose profile shown in the following graph (Figure 32) is plotted in cGy/hr against the 

distance from the source in centimeters, demonstrates the dose rate characteristics. 

The radioactivity selected depends upon the dose rate at least 50 cGy/hr at the distance 

of 0.5 cm to achieve the effective radiobiological response. Evaluations suggest that at 

least 100 mCi of radioactivity per seed would deliver the radiation therapeutic doses 

that have radiobiological effective dose significance. Both photons and photon 

generated electrons due to secondary photonic interaction in the medium are tallied in 

the regions at intervals of 0.72, 1, 2, 3, 4, 5 cm to determine the dose rate. 
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Figure 32 - Dose rate profile of Cr-51 photon transport. 
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          APPENDIX 

   

Particle Sedimentation Technique 

Introduction: 

 

The CPS Disc Centrifuge is a particle size analyzer for measuring 

particles in the range of 10 nanometers to 40 microns. The analyzer measures particle 

size distributions using centrifugal sedimentation within an optically clear spinning disc 

that is filled with fluid. (Figure 33) Sedimentation is stabilized by a density gradient 

within the fluid, and accuracy of the measured sizes is insured through the use of a 

known size calibration standard before each test. The concentration of particles at each 

size is determined by continuously measuring the turbidity of the fluid near the outside 

edge of the rotating disc. The turbidity measurements are converted to a weight 

distribution using Mie Theory light scattering calculations. The weight distribution is 

converted to a surface area or number distribution if required. 

 Figure 33-CPS schematics of operating principles. 

Principle of operation: [82] [82] [82]  

The rate of sedimentation inside the rotating disc is controlled by four factors: the size 

of the particles, the density difference between the particles and the fluid through 
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which they are passing, the viscosity of the fluid, and the strength of the centrifugal field 

(rotational speed). The sedimentation of particles in a gravitational field was first 

systematically investigated by Sir G. G. Stokes (Mathematical and Physical Papers, 11). 

Stokes built upon earlier work by Newton (Principia, Lib 11, Loc. Cit. 21) and Rayleigh 

(Scientific Papers, 6, Art. 392) which described how drag force on a spherical particle 

moving through a fluid depends upon the diameter of the particle, the viscosity of the 

fluid, and the velocity of movement. Stokes showed that when particles settle in a 

gravitational field under a certain set of conditions, the forces acting on the particle are 

in perfect balance, and the particle moves at a constant velocity (which can be 

predicted) after a very brief period of initial acceleration. The required conditions are:  

1. The particle must be smooth, spherical, and rigid enough to not deform due 
to the forces acting on it.  

2. The particle must be small compared to the container of fluid: the fluid must 
be essentially infinite in size compared to the size of the particle. 

3. The particles which make up the fluid (that is, the molecules) must be much 
smaller than the settling particle, so that the fluid is essentially homogeneous 
in how it acts on the particle. (Brownian motion of small particles is the first 
evidence of non-homogeneous interaction between the fluid and the 
particle.) 

4. The settling speed must be slow enough that all viscous forces come from 
smooth (non-turbulent) flow. These conditions are normally satisfied for 
most samples run on the CPS Disc Centrifuge using normal operating 
parameters. There are two fairly common situations where these conditions 
are not completely satisfied. 
 

Results: The distribution can be displayed as a weight distribution (weight of 

particles plotted against diameter), surface area distribution (surface area of the 

particles plotted against diameter), number distribution (number of particles 
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plotted against diameter), and absorption (light absorbed/scattered plotted 

against diameter). The absorption distribution is the raw data that comes from 

the instrument as shown in Figure 34. 

 

 

 

 

 

 

 

 

 

Figure 34 - Overlay of particulate distributions by CPS disc. 

 

Particle sizes obtained from conjugated nano particles are shown in Table-VII, below. 

The most preferred and universally accepted standard method for the particle size of 

nanoparticles is by TEM (Transmission Electron Microscopy). The particle size 

distribution determined through the particle sedimentation method is in agreement 
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with the electron microscopy. However, values do not agree Bomesin-gold. This is 

because; the sizes determined from the particle sedimentation technique do not show 

core sizes. The larger size is due to surface coating of gold by Bombesin peptide. 

TABLE-VII, COMPARISON OF CPS DERIVED PARTICLE AVERAGE SIZES TO TEM DERIVED 
PARTICLE AVERAGE SIZES OF DIFFERENT TYPES OF THE GOLD NANOPARTICLES IN 
NANOMETERS 

Sample TEM, nm CPS, nm 

Soy-gold 15±5 17±1 

Tea-gold 30±5 25±1 

Cumin-gold 13±5 12±1 

Cinnamon-gold 13±5 32±1 

Bombesin-gold 16±5 125±1  
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