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Abstract 

The objective of radiation dosimetry both at organ and cellular levels, as applied to 

radiation protection and radiobiology, is to establish dose-effect relationships that will 

be helpful for setting appropriate radiation protection standards. Internal Radiation 

dosimetry plays an important role in nuclear medicine, targeted radio-therapy and 

radiation protection. In the absence of direct in-vivo measurements of the absorbed 

doses in human organs, Monte Carlo techniques offer reliable dose estimation in such 

situations. In the present study we employ Geant4.9.6 simulation tool kit for internal 

dose estimations. 

This dissertation is divided into three parts. In the first part benchmarking and 

validation of Geant4 physics models have been performed. The Geant4 cross section 

data validation has been performed for various electromagnetic physics models 

extensively and compared with NIST and ICRU 37 data libraries for a range of 

energies. It has been found that the relative difference of Geant4 and NIST XCOM 

data remains within 4.2%. Similarly, percentage differences were up to 1.6% 

betweenGeant4 and ICRU report 37 data for water. 

Considering thyroid dosimetry, an experimental procedure has been adopted 

for benchmarking of Geant4. For regulatory and radiation protection purposes the 

exposure from radio-iodinated thyroid has also been determined in this work 

experimentally using patients and phantoms. Comparison of experimentally measured 

values at 0.5 and 1m distance from neck phantom using ionization chamber, with 

Geant4 results show a good agreement, with maximum relative differences were up-to 

8.4%. 

The second part consists of development of anthropomorphic phantom for 

Pakistani population and estimation of dosimetric parameters at organ level. The 

absorbed fraction values have been estimated for electrons and photon distributed 

uniformly in spherical, ellipsoidal and cylindrical geometrical models. The energy 

range adopted in this study covers most of the energies emitted by radio-nuclides 

currently employed in nuclear medicine procedures or any accidental release of radio-

nuclides. Further simulations have been carried out for water, ICRP soft, brain, lung 

& ICRU Bone tissues as material for these models, considering the elemental 

composition of each material. 



 

ix 

 

Thyroid dosimetry for 
131

I has been performed for various age groups including 

developing fetus, newborn baby, one, five, ten, fifteen years and adults individuals.  

The results of S-values (mean absorbed dose rate per unit cumulative activity) 

calculations are affected by the degree of detail included in the model compared with 

the original thyroid. Iodine dosimetry has been performed for single and double lobes 

ellipsoidal model and for anthropomorphic mathematical phantom model in Geant4 

simulation. It has also been observed that in the case of 
131

I β-particles absorbed 

fraction values increase from 0.88 to 0.97 for developing fetus (10 week to 36 week) 

which is smaller than ICRP over estimated values. The mathematical 

anthropomorphic phantom for thyroid employed in Geant4 shows a relative difference 

4.3% with ORNL published S-values.  

An anthropomorphic phantom similar to ORNAL and MIRD stylized phantoms 

for whole body, has been developed for regional specific (Pakistani) population and 

has been implemented in Geant4. The Specific Absorbed Fraction values (SAF) has 

been estimated for both male and female vital organs, considering an energy range of 

10 keV to 4 MeV for gamma photon. 

The third part of this work includes the dosimetry of Auger electron emitters both 

at cellular and sub-cellular levels, which has been determined by employing Geant4-

DNA physics model – a track structure code. In order to account for non-uniform 

activity distribution due to the variation in the radio-pharmaceutical pharmacokinetics 

in both normal and cancerous tissues, voxel S-values have been estimated for 0.01, 

0.1, 3 and 6 mm voxel sizes, considering cubical geometry of different tissue 

composition. For non-uniform dose profiles Dose point kernels have been estimated 

for 10 keV, 15 keV, 50 keV, 100 keV, 1 MeV and 4 MeV energies for mono-

energetic electrons in water, lung, bone and air materials. The assumption of 

homogenous and uniform distribution of activity throughout the cell can lead to a 

large overestimation or underestimation of nuclear average dose rate. For nucleus 

uptake only, the dose rate to the nucleus will be under-estimated by ~90% when 

compare to the dose rate value for whole nucleus. On the other hand, the dose rate to 

the nucleus will be over-estimated by 27% and 12%, for radionuclide’s distributed 

within cytoplasm and cell surface respectively. 
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1  Introduction to Thesis 

Over 10,000 hospitals worldwide use radioisotopes in medicine, and about 90% of the 

procedures are for diagnosis. In developed countries (26% of world population) the 

frequency of diagnostic nuclear medicine is 1.9% per year, and the frequency of 

therapy with radioisotopes is about one tenth of this. In the USA there are over 20 

million nuclear medicine procedures per year among 311 million people, and in 

Europe about 10 million among 500 million people. The use of radiopharmaceuticals 

in diagnosis is growing at over 10% per year [1]. 

Nuclear medicine was developed in the 1950s by physicians with an endocrine 

emphasis, initially using iodine-131 to diagnose and then treat thyroid disease. 

Thyroid cancer is one of the most common endocrine malignancies [2]. It has an 

increasing population incidence. The annual incidence per 100 individuals ranges 

from 1.2 to 2.6 in men and from 2.0 to 3.8 in women. Although thyroid nodules are 

extremely common (in countries without iodine deficiency, thyroid nodules are 

clinically detectable in about 4% to 7% of the general population while this number 

can rise up to 30% of the population in areas with iodine deficiency), malignant 

lesions derived from thyroid cells are relatively rare [3]. Less than 1% of all 

malignant tumors are clinically recognized thyroid carcinomas. However, it is the 

most common endocrine malignant lesion comprising 90% of all endocrine malignant 

tumors. It is responsible for more deaths than all the other endocrine cancers 

combined [4]. 

Since the discovery of x-rays by Roentgen in 1895, radiation has been used for 

the treatment of cancer. Today, the major cancer treatment modalities include 

radiotherapy, chemotherapy and surgery. Of the estimated 150,000 new cancer 

patients in Canada in year 2006, half have received radiotherapy treatment [5]. The 

goal of radiotherapy is to destroy the malignant tumor through ionizing radiation 

while minimizing damages to the surrounding healthy tissues. It is of great 

importance to deliver dose to the patient accurately, since a 5% change in dose can 

cause the tumor response to change by 10 to 20% [6]. ICRU Report 24 recommends 

an overall accuracy of 5% in dose delivery. In dose ca1culations, an accuracy of 2% 

should be aimed for [7, 8]. 

Radiation dose is the amount of radiation energy deposited per unit mass of 

absorbing tissue. Internal dosimetry applies to assessments of dose to internal organs 
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from penetrating radiation sources outside the body and from radionuclide’s that enter 

into the body. Dosimetry is essential for correlating energy deposition with biological 

effects that are observed when living tissues are irradiated. Dose-response information 

provides the basis for radiation protection standards and risk assessment [9]. 

Radiation interactions with living matter take place on a microscopic scale, 

and the manifestation of damage may be evident at the cellular, multi-cellular, and 

even organ levels of biological organization. The relative biological effectiveness 

(RBE) of ionizing radiation is largely determined by the spatial distribution of energy 

deposition events within microscopic as well as macroscopic biological targets of 

interest. The spatial distribution of energy imparted is determined by the spatial 

distribution of radio-nuclides and properties of the emitted charged-particle radiation 

involved. The non-uniformity of energy deposition events in microscopic volumes, 

particularly from high linear energy transfer (LET) radiation, results in large 

variations in the amount of energy imparted to very small volumes or targets. 

Microdosimetry is the study of energy deposition events at the cellular level. 

Macrodosimetry is a term for conventional dose averaging at the tissue or organ level 

[10].  

1.1 Description of the problem 

Monte Carlo methods are commonly used to simulate radiation transport in many 

fields of science including nuclear engineering, radiotherapy, diagnostic radiology, 

radiation protection, and nuclear medicine to estimate radiation flux, energy 

deposition profiles and other physical quantities of interest. Direct measurement of the 

absorbed dose to various body organs, due to some diagnostic or therapeutic 

procedure, or due to exposure to accidental releases from nuclear installations, is very 

difficult [11]. The standard methodologies used for absorbed dose estimation have 

been developed by the International Commission on Radiological Protection (ICRP) 

[12] and Medical Internal Radiation Dose (MIRD), a committee of the Society of 

Nuclear Medicine[13, 14]. 

Direct measurements of the absorbed doses in human organs are not possible. 

Recently, particular interest has been shown towards the use of the Monte Carlo 

simulations in studying beta and gamma emitting radionuclide’s used for diagnostic 

and therapeutic purposes. The mean absorbed dose to a target organ per nuclear 

transformation (S-value) of a radionuclide distributed in a source organ can be 
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determined by estimating the absorbed fraction (AF) value in that  particular target 

structure or tissue. The AF values primarily rely on Monte Carlo radiation transport 

calculations, using computational anatomical models [15, 16].  

To the best of our knowledge, there is no published data of absorbed fractions 

for uniformly distributed cylindrically modeled targets. Existing work is limited to 

water and ICRU soft tissue only while in practice, wide verity of other type of tissues 

are encountered including brain, lung and bone tissues. Also the current studies are 

confined to limited range of target sizes as well as energy values. Practically one may 

encounter with much larger ranges in both cases. Beside that a comprehensive model 

does not exist that covers all three geometries including ellipsoidal, spherical and 

cylindrical ones for both electrons and photons. 

The treatment of differentiated thyroid cancer and for thyrotoxicos is has 

become quite successful since the introduction of 
131

I radiotherapy technique over six 

decades ago[17]. The unpredictability of success of radioiodine therapy in the case of 

hyperthyroidism has been linked with waste of radiations before reaching the target 

cells. As a corrective measure, precise assessment of absorbed dose to patient-specific 

thyroid micro-architecture based on size involved has been recommended. In almost 

all of the methods used for estimation of thyroid absorbed doses, including theoretical 

algorithms, experimental procedures or Monte Carlo techniques, the mass or volume 

of the thyroid organ is typically kept constant over the dose delivery time. However, 

in the case of radioiodine treatment of hyperthyroidism many authors have reported a 

thyroid volume reduction (up to 70–80%) during therapy[18, 19]. As the treatment 

dose is dependent on volume/mass of the target organ, therefore for efficient therapy 

the accurate thyroid dosimetry is essential [20, 21]. 

The source of this radionuclide in thyroid could be a medical procedure for the 

treatment of hyperthyroidism or intake from an accidental release from a nuclear 

facility etc. [22]. Radioactive Iodine is taken up by the thyroid from the main 

bloodstream quite quickly. It has been estimated that the risk of an accident in a 

nuclear facility cannot be eliminated completely. Consequently, it is very important to 

study the dosimetry protocols, set for radioiodine intake, on the basis of a broad 

spectrum of population parameters including age, gender, mass of thyroid, etc. This 

may allow a reliable estimation of the absorbed dose and subsequently an adequate 

contingency plan for the population at risk during a nuclear accident. Precise 
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estimation of absorbed dose is also extremely important, to determine the risk versus 

benefit ratio, during radiotherapy treatments [23].  

The S-values are generally tabulated for adult thyroids having standard sizes 

of body and organs. But for thyroid Grave’s disease, patients have a range of thyroid 

sizes. Snyder, suggested a scaling law for penetrating and non-penetrating radiation to 

make the adjustment in calculations for a size of an organ different from the standard 

[24]. This scaling law, however, is an over approximation for Ellipsoidal organs. In 

order to represent the thyroid organ precisely, the two lobes ellipsoidal model should 

be presented along-with single lobe ellipsoidal model. For more realistic dosimetry of 

thyroid, a model of thyroid embedded in anthropomorphic human phantom should 

also be implemented [25]. 

For benchmarking of Geant4, used in thyroid dosimetry, an experimental 

procedure needs to be adopted, using neck phantom. Since radioactive iodine is 

administered orally so dose estimation should also be carried out for critical organs of 

iodine including stomach, kidneys, intestines and bladder. For regulatory and 

radiation protection purposes the exposure from thyroid needs to be estimated 

experimentally with patients and phantoms. 

The dose quantification is essential for risk and benefit analysis in any 

application using radio-pharmaceuticals. Unfortunately, direct measurements of the 

absorbed doses in human organs are currently not possible. Assessment of internal 

dosimetry is an important part for the development of new radio-pharmaceuticals. 

Conventionally, this assessment is perform using phantoms, in which calculation of 

dosimetric quantities are based on mathematical phantom representing European 

reference man. This phantom has been developed by International Commission on 

Radiological Protection and its anatomical human organs description is based on 

Caucasian man, a Western Reference Man[26]. Realistic models for human organs 

and body are very useful in nuclear medicine, radiotherapy and radiation protection. 

The Anatomical descriptions of Asian populations are also tabulated in literature, and 

there are significant anatomical differences between the ICRP and Asian Reference 

Men[27, 28]. It has been shown by Stabin that the absorbed fraction value can be vary 

from 0.5-1% per kg change in body mass and on this basis the predicted inter-racial 

dosimetry profiles will be significantly conflicting[29]. The need for quantifying 
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inter-racial dosimetry variations is justified by the fact that the Pakistan is the second 

largest Muslim country having population 190 million and having sixth position in 

world largest population countries [30]. Also it has also been found that the physical, 

physiological and metabolic characteristics of Pakistani population are different from 

Western and rest of the Asian countries[31]. So, it is of interest to determine whether 

it's safe to evaluated the dosimetry on one population (Caucasian) and apply the 

results onto another (Pakistani). 

In targeted radio-therapy, the entire tumor or even a small region within the 

tumor may be defined as a source region. Both normal and cancerous tissues acquire 

the non-uniform activity distribution due to the variation in the radio-pharmaceutical 

pharmacokinetics. These non-uniform distribution of activity within the sub-structure 

leads to non-uniformity in absorbed dose profile [32]. The dose non-uniformity 

develops “cold spots” which may allow the re-growth of tumor from the remaining 

cancerous cells. Accordingly, the mean absorbed dose in not a suitable parameter for 

evaluation of clinical outcomes. The corresponding dose non-uniformity is also 

depends on the radio-isotopes emission spectrum. The dose non-uniformity is more 

pronounce for short range low-energy beta and alpha particles. For high energy beta 

particles and gamma rays the dose profile is uniform and the uniform dose assumption 

to whole organ is applicable [33]. 

At voxel level there are three main computational approaches, including dose 

point kernel convolution, Monte Carlo simulation and voxel S-values, are used for 

tackling of non-uniform activity dosimetry. However, among the three, point dose 

kernel method is the most widely used now a days. It may be due to the un-

availability of voxel S-values for each voxel size compatible with imaging matrix or 

large computational time required for direct Monte Carlo radiation transport. It also to 

be noted that DPKs approach can lead to errors within human body regions associated 

with tissue-bone or tissue-air interfaces [32]. Furthermore, the approach does not 

account for variations in atomic number throughout tissue region that may affect the 

dose distribution delivered by low energy particles. In such situations direct Monte 

Carlo transport Codes are preferable which consider tissue in-homogeneities [34, 35].  

In order to know and understand the basic mechanism of molecular damage and 

predicting the Auger electrons effects at cellular or organ levels, dosimetry of Auger 

emitters play a key role in radio-biology. Also, accurate dosimetry of Auger electrons 
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is necessary and essential for interpretation of various experiments performed in 

radio-biology and nuclear chemistry. Besides the target shape and dimension, 

radionuclide spectra, energy deposition pattern of the emitted radiations and bio-

kinetics of the radio-pharmaceuticals are also important parameters for accurate 

dosimetric calculations [36]. 

In every radiation therapeutic modality the ultimate goal is to deliver a lethal 

radiation dose to cancer cells while sparing healthy cells from radiation induced 

hazards. This goal may be achievable easily for bulky solid tumors or organs. For 

syndrome characterized by single or cluster of malignant cells, treatment with external 

beams of high energy electrons and photons or internalized high energy beta emitters 

is not optimum treatment due to excess of cross-doses which may result in 

unacceptable malignancy to healthy cells. Targeted radio-therapy (TRT), which 

utilizing Auger electrons and alpha emitters, seems to be an alternative therapeutic 

modality for disseminated and micro-metastatic diseases [37, 38].  

 Now a days, the dosimetric techniques employed in TRT are usable at 

macroscopic level of organs (mm- cm) and tissue. However, it is quite clear that for 

optimum efficacy of TRT in case of malignant blood cells, knowledge of energy 

deposition at cellular level is necessary. In this procession, the emphasis should be on 

critical targets of cell such as cell nucleus, DNA, cytoplasm and chromosomes. At 

cellular level short range charged particles, such as Auger electrons and alpha 

particles, are more appropriate than high or intermediate energy beta emitters. Auger 

electrons and alpha particles both present two different advantages, namely, the 

significant reduction of cross-doses to neighboring healthy cells and the occurrence of 

high density ionization pattern in matter associated with increased lethal doses to 

targets [39, 40].  

Initially transport equation (Boltzmann equation) was used for calculation of 

dosimetric parameters at organ/tissue level. Later on various general-purpose 

condensed history MC codes such as MCNP, ETRAN, EGS and Geant4, were used 

for estimation of above parameters [41]. Unlike Boltzmann equation or any other 

analytical methodology, almost all MC codes take into account the in-homogeneities 

associated with human body as well as variety of source-to-target configuration 

encountered in dosimetry practices. However, at microscopic level the use of such a 

MC codes is fundamentally unsuitable due to restricted spatial resolution. The energy 

cut-off for electrons (1-10 keV) adopted at these codes corresponds to spatial 



Chapter 1 

7 

 

resolution which exceeds the dimensions of targets at cellular level (nm - µm) [33]. 

Thus, it would be more appropriate to use an MC code which deposit energy on event 

by event basis and track the particle up to 10 eV energy [42, 43].  

1.2 Outstanding problem 

The problem is divided into three parts. The first part includes the benchmarking of 

Geant4 with respect to cross sectional data of already established data library. 

Moreover the implementation of Geant4 in simulation should be tested by performing 

experiments with phantom and some patients. 

The second part includes the determination of dosimetric parameters necessary 

at organ level. For that a comprehensive study should be performed which includes 

the dosimetry of all geometrical shapes required to models human organ, for  a range 

of electrons and gamma photon energies using various tissue composition, comprising 

human body. Moreover, the direct implementation of Geant4 with radio-

pharmaceutical, especially radioiodine used for hyperthyroidism and for thyroid 

carcinoma, is more desirable. The dosimetry is also necessary to incorporate various 

age individuals and various stages of hyperthyroidism patients. 

Realistic models for human organs and body are very useful in nuclear 

medicine, radiotherapy and radiation protection. For assessment of risk and benefit 

analysis, dosimetric parameters should be determined for anthropomorphic phantom 

based on Pakistani population which have different anatomical and metabolic 

characteristics than the standard reference man. 

Third part consists of determination of dosimetric quantities at a small spatial 

scale. Non-uniform activity within the target lesions and critical organs constitutes an 

important limitation for dosimetric estimates in patients treated with tumor-seeking 

radiopharmaceuticals. On the other hand, the Tumor Control Probability (TCP) and 

the Normal Tissue Complication Probability (NTCP) are heavily affected by the 

distribution of the radionuclide in the treated organ. 

 For constructing dose profiles in tissue or tumor when non-uniform activity 

distribution occurs, voxel S-values and dose point kernels should be determined at a 

spatial scale comparable to the range of beta emitters – as applied mostly in targeted 

radiotherapy. In order to investigate the effect of heterogeneous distribution of Auger 
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electron emitters, dosimetry should be performed at cellular and sub-cellular levels. In 

order to know and understand the basic mechanism of molecular damage and 

predicting the Auger electrons effects at DNA or nucleus level, a track structure code 

should be used to check also the sensitivity of dosimetric parameters with phase 

change of water. 

1.3 Aims and Objectives of this study 

In this study the goal is to evaluate the discrepancies in the estimation of the absorbed 

fractions for photon and electron sources in various geometrical models for different 

biological tissues as a material, usingGeant4 Monte Carlo code. The absorbed 

fractions will be estimated for electrons and photon distributed uniformly in spherical, 

ellipsoidal and cylindrical geometrical models. The energy range adopted in our study 

will cover most of the energies emitted by radio-nuclides currently employed in 

nuclear medicine procedures or any accidental inhalation and injection of radio-

nuclides. Further simulations will be carried for water, ICRP soft, brain, lung & ICRU 

Bone tissues as material for these models, considering the elemental composition of 

materials. 

It is desirable in any application of Monte Carlo simulation to increase its 

accuracy and computational speed. Cross-section data is one of the sources of error in 

any Monte Carlo code used for simulation of particle tracking. Cross section data 

validation will be performed for Geant4 physics models extensively over a wide range 

of energies. The cross section will be compared with NIST data libraries and ICRU 37 

report. For benchmarking of Geant4, used in thyroid dosimetry, an experimental 

procedure will be adopted, using neck phantom. For regulatory and radiation 

protection purposes the exposure from thyroid will be estimated experimentally with 

patients and phantoms. 

Dosimetry of 
131

I will be performed for various age groups including developing 

fetus, newborn baby, one, five, ten, fifteen years and adults individuals. The results of 

S-values calculations are affected by the degree of detail included in the model 

compared with the original thyroid. A comparison for, Geant4 calculated, S-value 

values by considering the spherical and ellipsoidal geometries as representatives of 

thyroid will be presented. Further dosimetry will also be performed for ellipsoidal 

model classified into single and double lobes as well. In addition to the simple 
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ellipsoidal model, the anthropomorphic phantom mathematical model for thyroid will 

also be included in Geant4 simulation. Also in this study the effect of mass reduction 

of thyroid, during 
131

I therapy on the calculation of absorbed dose will be estimated 

using Geant4 Monte Carlo simulation code. 

The mean absorbed doses of critical organs of 
131

I will be estimated for 

various ages’ individuals using Geant4 simulations, considering Water & ICRP soft-

tissue as material. Simulations will be performed for specific energy deposition per 

decay for other organs of neck such as neck tissue, skin and spinal cord bone, with 

respect to thyroid volume. 

An anthropomorphic phantom similar to ORNAL and MIRD stylized 

phantoms will be developed for Pakistani population and will be implemented in 

Geant4. The specific absorbed fraction values (SAF) will be estimated for both male 

and female vital organs, considering an energy range of 10 keV to 4 MeV for gamma 

photon. 

In order to account for non-uniform activity distribution due to the variation in 

the radio-pharmaceutical pharmacokinetics in both normal and cancerous tissues, 

voxel S-values will be estimated for 0.01, 0.1, 3 and 6 mm voxel sizes, considering 

cubical geometry for voxels. The mean absorbed doses will be estimated for water, 

soft and bone tissues at these voxel levels, for a range of energies and isotopes. Dose 

point kernels, another method used for non-uniform dose profiles, will be estimated 

for 10 keV, 15 keV, 50 keV, 100 keV, 1 MeV and 4 MeV mono-energetic electrons in 

water, lung, bone and air materials. 

Auger electron dosimetry, which is more suitable at cellular and sub-cellular 

levels, will be performed for various Auger electron emitters and a range of cell sizes. 

The influence of heterogeneous distribution of Auger electrons will be investigated in 

detail. As a practical scenario, S-values will be estimated for raji cell (7.5±1.35µm) 

which is used to model B- lymphoma cells.  

The energy deposition of mono-energetic low energy electrons distributed 

uniformly inside and at the surface of target of various sizes, will be estimated for 

energy range of 0.1 – 10 keV. The size of target with radius ranging from 5-1000 nm 

will be considered in the present study, in order to represent the cellular and sub-

cellular volumes. The spatial scale of such low energy electron range, corresponds to 
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DNA, chromosomes and cell nucleus, which are critical targets inside cell. 

Calculations will be carried out for determination of mean absorbed doses and 

absorbed fraction by using Geant4-DNA physics model, which simulate all 

interactions following a step-by-step precise tracking without considering any 

condensed history technique 

1.4 Thesis Layout 

This thesis consists of six chapters. The first chapter briefly explains the introduction 

to present research scenario, motivation, outstanding problem and aims & objectives 

of this study. 

  The second chapter thoroughly discusses the background and literature 

reviews that have been carried out by various researchers worldwide in this area. For 

ease of understanding the nature of work, the literature review section has been 

divided into small sub-sections. 

  The third chapter presents methods and materials, required to achieve the 

objectives of this study. The initial part of this chapter includes the introduction to 

Monte Carlo simulation, various MC codes and the cross sectional data used for 

particle transportation. An overview of Geant4 MC Code and its functionality is 

presented. For estimation of dosimetric parameters MIRD formalism is discussed 

briefly. Methods are described for each part of this section. 

  In chapter four the results obtained in this study, along with discussions, are 

presented comprehensively. The results of this study are compared with already 

published data. A detail discussion of each part of this section is also presented.  

  The summary and conclusions drawn from this study are shown in chapter 

five. The concluded section basically the achievements of all goals and objectives of 

the current study. The conclusions for each sub-section are presented mostly in bullet 

form. To achieve the desired objectives in a better way, recommendations for future 

work are suggested and are presented in this chapter. 
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2 Background and Literature Review 

2.1 Absorbed fraction of electrons and  -photons using 

various geometrical models and biological tissues 

Monte Carlo methods are commonly used to simulate radiation transport in many 

fields of sciences including nuclear engineering, radiotherapy, diagnostic radiology, 

radiation protection, and nuclear medicine to estimate radiation flux, energy 

deposition profiles and other physical quantities of interest [44]. With the 

developments in computer technology, treatment planning systems, based on Monte 

Carlo simulation, are now commercially available for medical purposes [45]. 

Direct measurement of the absorbed dose to various body organs, due to some 

diagnostic or therapeutic procedure, or due to exposure to accidental releases from 

nuclear installations, is very difficult. The standard methodologies used for absorbed 

dose estimation have been developed by the International Commission on 

Radiological Protection (ICRP) and Medical Internal Radiation Dose (MIRD), a 

committee of the Society of Nuclear Medicine [46]. On physical basis, both 

methodologies are consistent with each other. Their dosimetric formalism is based on 

radionuclide characteristics, distance of the target organ from the source organs, 

biological parameters of source organ and energy absorption in the target organ 

emitted by the source organ. The ICRP dosimetric model is based on risk assessment 

of biological effect from ionizing radiation [47]. 

The formalism of the MIRD has long been adopted as the standard calculation 

method for estimation of radiation doses to organs from radio-nuclides distributed in 

the body. The MIRD absorbed dose calculation consists of time integrated activity in 

organ multiplied with the corresponding S-value (mean absorbed dose to a target 

organ per nuclear transformation of radionuclide in a source organ)[48]. The time 

integrated activity can be estimated by solving bio-kinetic model of the source organ 

or by employing SPECT and PET quantitative imaging techniques. The S-values of 

an organ can be estimated by using Specific Absorbed Fraction (SAF) in that target 

structure or tissue for the corresponding radionuclide of interest. The SAF values can 

be evaluated by estimating the energy deposition in selected tissue or target. Absorbed 

fractions for uniformly distributed tissues can be evaluated by Monte Carlo Codes 

[49, 50], Point Kernels and by analytical methods. The SAF or AF (absorbed 
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fraction)values here primarily rely on Monte Carlo radiation transport calculations 

using computational anatomical models also called the virtual human phantoms [51].  

Loevinger and Berman first introduced the concept of AF for absorbed dose 

estimation. This work was published as a first pamphlet of the MIRD publications. 

Methodology developed by Loevinger has been accepted and used since then by most 

of the scientific community working in the area of nuclear medicine and radiation 

protection [48]. Later, Berger evaluated the energy absorption by implementing 

moment analytical method for -photons from point sources in spheres of various 

sizes using water as material. Energy deposition for mono-energetic -photons of 

energy range 0.015 to 3 MeV was considered. The data was published in MIRD 

Pamphlet No. 2, along with build-up factors and other related data in tabulated 

form[51]. Brownell et al. estimated photon absorbed fraction for cylindrical, spherical 

and ellipsoidal volumes using Monte Carlo calculations and the details were presented 

in MIRD Pamphlet No.3. The AF values were estimated in tissue-equivalent material 

for spheres and cylinders of masses ranging from 2 to 200 kg and ellipsoids of mass 

ranges from 0.3 to 6 kg, for photon energies in 0.02—2.75 MeV range [52]. 

Akabani et al. evaluated the AF values in small tumors modeled by spheres of 

sizes ranging from 10
-3

 to 2x10
-2

m radius. They used EGS Monte Carlo code for 

evaluation of absorbed fraction in small tissue equivalent material uniformly 

distributed spheres, for beta radiations from some selected radio-nuclides [49]. An 

energy range of 0.05 to 4 MeV was considered for mono-energetic electrons, using 

cut-off energies 10 and 1 keV for electrons and -photons respectively, as a 

simulation parameters [53]. 

The absorbed fraction values were estimated by Siegel and Stabin for 

spherical uniformly distributed  -and electrons sources of various sizes (masses up to 

1000 g) in the energy ranges of 0.062 to 1.428 MeV and 0.025 to 4 MeV respectively, 

using Berger’s analytical methodology [54]. They re-evaluated the absorbed fraction 

values for -photons and electrons in homogeneous spheres of unit density tissue-

equivalent composition of various sizes. The AF values for electrons and -photons 

were published in MIRD Pamphlets 3 and 8, using two modern Monte Carlo Codes: 

EGS4 and MCNP-4B [52, 55]. The energy ranges for electrons and -photons of 0.1 

to 4 MeV and 0.02 to 2.75 MeV were considered respectively. The authors 
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recommend an average value of the two Monte Carlo Codes for AF, for all spherical 

sizes and energies for both electrons and -photons [41]. 

The absorbed fractions were estimated by Amato et al. for ellipsoidal 

uniformly distributed -photons and mono-energetic electrons of various sizes in the 

energy range of 0.01 to 1MeV and 0.01 to 2 MeV respectively, using Geant4Monte 

Carlo Code [56, 57].The ICRP (Publication 89) soft tissue was adopted as material for 

these modeled volumes [58]. Hélio et al. also presented the absorbed fraction data for 

electron and -photons in uniformly distributed spheres of various sizes, using MCNP 

and Geant4 Monte Carlo codes. Water, ICRU 44 soft tissue, red bone marrow, bone 

and lung tissues, were adopted as constituent material for all spherical volumes [59]. 

To the best of our knowledge, there are no published data of absorbed 

fractions for uniformly distributed cylindrically modeled targets. Existing work is 

limited to water and ICRU soft tissue only while in practice, wide verity of other type 

of tissues are encountered including brain, lung and bone tissues. Also the current 

studies are confined to limited range of sizes as well as energy values. Practically one 

may encounter with much larger ranges in both cases. Also a comprehensive model 

does not exist that covers all three geometries including ellipsoidal, spherical and 

cylindrical ones for both electrons and photons. 

2.2 Influence of thyroid volume reduction on absorbed 

dose in 
131

I therapy studied by using Geant4 Monte 

Carlo simulation 

The treatment of differentiated thyroid cancer and for thyrotoxicos is has become 

quite successful since the introduction of 
131

I radiotherapy technique over six decades 

ago. The associated radiation damage has always been of concern to practitioners in 

this area [60]. Various other therapeutic modalities have been noted to have only 

modest effect on the advanced differentiated thyroid cancer [61]. In earlier studies, 

severe radiation damage to thyroid has been reported due to high imparted dose by 

radioactive materials. Limiting side exposure of sensitive organs that are susceptible 

to radiation is also essential. The impairment of salivary glands in post DTC 

radioiodine therapy has been reported as a severe side effect [62]. Thyroid dose is also 

of current interest in various high dose applications including CT examination and 

controversy persists regarding the types of patients and the recommended dose of 

radio-iodine [17]. The unpredictability of success of radioiodine therapy in the case of 
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hyperthyroidism has been linked with waste of radiations before reaching the target 

cells. As a corrective measure, precise assessment of absorbed dose to patient-specific 

thyroid micro-architecture based on size involved, has been recommended [63]. 

The observed variation of thyroid volume during treatment adds to the gravity 

of situation. For the ablation of remnant thyroid tissue after surgery, the standard 

amount of radioiodine administered varies typically in 1.1 – 3.7 GBq range. The use 

of any un-optimized ‘current standard’ value entails risk of either exceeding safety 

limits or under-dosing a patient [64]. In later case, there is associated risk of 

recurrence of disease.  Coupled with this, there is prevalent practice of using empiric 

fixed activities of 
131

I for treatment of advanced stages of differentiated thyroid 

cancer. Such approach clearly violates the safety principle of delivering maximum 

allowable safe absorbed dose. No attempt is made to minimize side effects of 

radiotherapy in this case [65].   

For this purpose many researchers have developed theoretical 

algorithms/procedures for the calculation of the radiation absorbed dose to a target 

organ, most of them are based on the basic absorbed dose rate equation of MIRD [11, 

13]. Besides theoretical approach Monte Carlo simulations have also emerged as 

highly effective tool for dosimetry among medical physicists, working in the field of 

nuclear medicine, especially for optimizing routinely used devices, such as detectors, 

collimators & shields, and evaluating the exposure radiation dose in diagnostic and 

therapeutic protocols [21, 66, 67]. Recently particular attention has been shown 

towards the use of the Monte Carlo simulations in studying beta and gamma emitting 

radionuclide’s used for treatment of various forms of cancer and other diseases.  Meo 

et al. have used Geant4 MC simulation code for measuring dose rate from patients 

administered with 
90

Y-labled radiopharmaceuticals [68].  In 1994 Siegel and Stabin 

had evaluated the absorbed fractions for electron and beta sources uniformly 

distributed within spheres of various sizes in the energy ranges of 0.062 to 1.428 MeV 

and 0.025 to 4 MeV respectively using the methodology developed by Berger [54]. 

Afterwards, in 2000 Stabin and Konijnenberg re-evaluated those values using two 

different Monte Carlo codes, EGS4 and MCNP-4B, showing some interesting 

discrepancies between the results [41]. 
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In almost all of the methods described above the mass or volume of the target 

organ is typically kept constant over the dose delivery time. However, in the case of 

radioiodine treatment of hyperthyroidism many authors have reported a thyroid 

volume reduction (up to 70–80%) during therapy [19]. As the treatment dose is 

dependent on volume/mass of the target organ, therefore for efficient therapy the 

accurate measurement of volume of thyroid is essential [18, 69]. In this regard Traino 

et al. have studied the influence of the volume reduction on the calculation of the 

absorbed dose to the thyroid using a mathematical model [20]. Similarly, in recent 

studies, researchers have used Monte Carlo Simulations to study the influence of 

change in thyroid volume on the energy deposition from 
131

I [21]. The remnant tissue 

mass dependency after 
131

I ablation therapy for the thyroid absorbed dose was studied 

using Mite Carlo simulations employing standard geometrical models. They found 11 

– 37% over-estimation of S-values when spherical geometries were employed. They 

recommended usage of precise remnant mass and size values for accurate thyroid 

dosimetry [70]. 

2.3 Determination of Age Specific 
131

I S-value Values for 

Thyroid using Anthropomorphic Phantom in Geant4 

Simulations 

Radioactive Iodine is taken up by the thyroid from the main bloodstream quite 

quickly. The source of this radionuclide in thyroid could be a medical procedure for 

the treatment of hyperthyroidism or intake from accidental release from a nuclear 

facility etc. In nuclear accidents, amongst other radioactive isotopes, various isotopes 

of iodine are released in significant proportions in the environment [22]. It has been 

estimated that the risk of an accident in a nuclear facility cannot be eliminated 

completely [23]. Consequently, it is very important to study the dosimetry protocols, 

set for radioiodine intake, on the basis of a broad spectrum of population parameters 

including age, gender, mass of thyroid, etc [71]. This may allow a reliable estimation 

of the absorbed dose and subsequently an adequate contingency plan for the 

population at risk during a nuclear accident. Precise estimation of absorbed dose is 

also extremely important, to determine the risk versus benefit ratio, during 

radiotherapy treatments.  
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The most popular methodology for dosimetry of internally administered radio-

nuclides is the Medical Internal Radiation Dose (MIRD) schema. This system of dose 

calculation provides a systematic approach towards combining biological distribution 

data and clearance and physical properties of radio-nuclides in order to estimate the 

internal doses. Traditionally MIRD schema assumes a uniform deposition of activity 

and distribution of radiation energy within the target volume. However more 

advanced schema considers the non-uniform and microscopic (i.e. cellular level) 

distribution of radioactivity [72]. The MIRD schema defines a parameter called S-

value which is associated with the fraction of radiation energy absorbed per unit mass 

inside the target volume. S-values values have been shown as the most sensitive 

parameter in dosimetry models for iodine ingestion and inhalation [73, 74]. The 

methodology for the inclusion of non-uniformities and dose in-homogeneities cellular 

and Voxel based S-values has been defined by the MIRD committee and several other 

authors [75]. The correct estimation of the S-values requires an accurate knowledge of 

the biological distribution of radiopharmaceutical as well as the mass of the target 

organ [13, 76].  

Although imaging based computational codes for dosimetry such as SIMDOS 

[9], RTDS [77], RMDP [78] etc., are available. It is still not practical to calculate the 

absorbed fractions (and consequently the S-values) for a diverse range of sizes and 

shapes of the target volumes especially in the case of thyroid treatment. Therefore a 

Monte Carlo simulation is the best option [11]. For this purpose different research 

groups have developed anthropomorphic phantoms that use the tissue composition 

and densities defined by ICRP. These phantom models use spheres, cylinders and 

cones etc., also incorporating the age as a factor in determining the size of the organs. 

Regular shapes (sphere, cylinders etc.,) provide a good approximation for the 

absorbed fraction calculations. However there is always a need for more precise 

models that can represent correctly, the size and shape of the organ [79-81]. 

The values of S-value of 
131

I includes both  - and  - contributions. The S-

values are generally tabulated for adult thyroids having standard sizes of body and 

organs. But for thyroid Grave’s disease, patients have a range of thyroid sizes [20]. 

Snyder (1970), suggested a scaling law for penetrating and non-penetrating radiation 

to make the adjustment in calculations for a size of an organ different from the 

standard. This scaling law, however, is an over approximation for Ellipsoidal organs 
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[25]. In this study we estimated the S-value values for I-131 in thyroid of individuals 

of both genders in different age groups, using Geant4 Monte Carlo simulation tool 

[82, 83]. The provision has also been made to estimate the S-values for Graves’s 

disease with patients having variable thyroid sizes. A comparison has been carried out 

in this work for the S-values calculated using various thyroid geometries including 

spherical & ellipsoidal with published data [84]. In order to represent the thyroid 

organ precisely, the two lobes ellipsoidal model is also presented along-with single 

lobe ellipsoidal model. A new mathematical model available in Geant4 (for 

anthropomorphic phantom) for thyroid is also presented here for the estimation of 

absorbed dose factors. The results of new model of thyroid are compared with ORNL 

phantom and published data [85, 86].  

2.4 Absorbed dose estimation for critical organs of 
131

I 

using Geant4 

Radioiodine 
131

I is most widely used in radiotherapy for thyrotoxicos is and for the 

treatment of differentiated thyroid cancer, due to its appropriate value of half-life and 

favorable values of its beta- and gamma-ray energies. While it has been in clinical use 

for over 50 years, significant controversy persists regarding the types of diseases and 

the recommended amount of doses of radioiodine [17]. Worldwide, 2.4 time increase 

in incidence rate of papillary type thyroid cancer has been observed due to radiation 

as beset defined contributing factor for it [87]. A nine-fold increased risk of thyroid 

cancer has been observed for radiotherapy of Hodgkin’s disease so that strict 

measures need to be adopted to minimize side-exposure of sensitive organs that are 

vulnerable to radiation injury [88]. To evaluation the risks and benefits of 

radiopharmaceuticals used for diagnostic or therapeutic in nuclear medicine, reliable 

estimates of radiation-absorbed dose are necessary. Consequently, accurate 

assessment of dose to thyroid has gained significant importance in recent past [9]. 

For the calculation of radiation absorbed doses to different target organs, a 

number of Monte Carlo codes, such as EGS [49], MCNP [89], MABDOSE [90] & 

Geant4 [82], have been available. Besides that, MIRD (Medical Internal Radiation 

Dose) committee of the society of nuclear medicine published methods for calculating 

internal radiation doses. This scheme of dose estimation provides a logical approach 

towards combining biological distribution data, clearance and physical properties of 
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radio-nuclides, to estimates the internal doses [10]. Monte Carlo simulation is a highly 

efficient emerging tool among medical physicists working in the field of nuclear 

medicine, especially for simulation of routinely used devices, such as detectors, 

collimators & shields, and evaluating the radiation absorbed doses in diagnostic and 

therapeutic protocols. Recently particular interest has been shown towards the use of 

the Monte Carlo simulations in studying beta and gamma emitting radionuclide’s used 

for diagnostic and therapeutic purposes [91]. MCNP Monte Carlo simulation code has 

been used by Mowlavi et al., to estimate the influence of thyroid volume on the 

energy deposition from 
131

I [21]. Meo et al. used Geant4 simulation code for 

measuring dose rate from 
90

Y-labled radiopharmaceuticals to patients [68]. Amato E 

et al. used Geant4 simulation code for estimating absorbed fraction in ellipsoidal 

volumes for beta radionuclide’s employed in internal radiotherapy [57]. Several 

image based computational codes such as SIMDOS, RTDS, RMDP and 3D-1D, have 

been used in clinical experience for calculating internal doses [11]. Several authors 

have carried out the validation of Geant4 results with respect to experimental data and 

to other Monte Carlo codes such as MCNP or EGS, especially for electromagnetic 

process and for medical applications [92]. 

2.5 Human phantom importance and historical 

background 

The absorbed dose from radiation is the amount of energy that is absorbed in human 

organs with time. The evaluation of radio-nuclides distribution in human organs can 

easily be done, by calculating the total absorbed energy in each organ according to the 

emission spectrum of radio-nuclides and determination of total activity of radio-

pharmaceutical for the said organ. The total absorbed energy is depends on source-

target configuration, organ size, type of radiation and emission spectrum of radio-

nuclide [10, 29]. Radioisotopes are regularly used in nuclear medicine for various 

types of therapeutic and diagnostic procedures [93]. In most of the procedures, a 

significant amount of absorbed doses are normally received by some of the radio-

sensitive tissues and organs [94]. The dose quantification is essential for risk and 

benefit analysis in any application using radio-pharmaceuticals. Unfortunately, direct 

in-vivo measurements of the absorbed doses in human organs are not possible. 

Assessment of internal dosimetry is an important part for the development of new 

radio-pharmaceuticals [95]. Conventionally, this assessment is perform using 
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phantoms, in which calculation of dosimetric quantities are based on mathematical 

model representing European reference man. This phantom is developed by 

International Commission on Radiological Protection and its anatomical human 

organs description is based on Caucasian man, a Western Reference Man [15, 26, 96]. 

Realistic models for human organs and body are very useful in nuclear 

medicine, radiotherapy and radiation protection. These models are commonly used in 

connection with Monte Carlo simulation, to study the effects of radiation on human 

body [97]. Approximately over past five decades, several anthropomorphic phantom 

models have been developed and implemented in radiation research. Two different 

approaches were used for description of human organ shapes, sizes and locations: a 

mathematical description (mathematical or stylized phantom) and voxel 

representation (voxel or tomographic phantom) [98].  In stylized phantom the shape 

and locations of internal organs are described by mathematical equations of plane, 

conical, cylindrical, spherical and elliptical surfaces [15]. Voxel phantoms are built 

from tomographic images obtained through MRI (magnetic resonance image) and CT 

(computed tomography) of actual human subjects. Human organs and tissues are 

manually or automatically segmented from MRI/CT images, and the segmented 2-D 

pixel data are stacked into a 3-D voxel matrix where the organ tissue composition, 

density, location and sizes are assigned to each individual voxels. The resulting 3-D 

matrix, close to the original medical images, realistically portrays the human anatomy 

[16]. 

The history of these computational phantoms is very old and the first version 

of phantom constructed was a 30 cm thick slab [99], followed by a right circular 

cylinder of 30 cm diameter and 60 cm height [100]. Hayes and Brucer in 1960 built a 

compartmentalized phantom resembling the human body [101]. Then in 1966 at the 

Oak Ridge National Laboratory (ORNL), Fisher and Snyder developed the revised 

stylized phantom [102]. In the same line Snyder 1969, introduced the heterogeneous 

stylized phantom composed of three different material compositions & regions and 

named that phantom as MIRD5 phantom [103]. Reference data from ICRP 23 [104] 

publication has been incorporated in MIRD5 phantom. ORNAL research group 1978, 

several improvements in MIRD5 phantom have been made along with calculation of 

specific absorbed fraction [15]. Kramer et al. introduced the concept of ADAM 
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(male) and EVA (female) stylized phantom which is a modified form of 

hermaphrodite MIRD5 [81, 105]. A series of stylized phantoms for pregnant women 

were developed by Stabin et al and were used for internal dosimetry calculations 

[106]. Crysty and Eckerman 1980, integrated the development regarding pediatric 

phantoms (research reference) and introduced stylized phantoms, based on ICRP 23 

reference data,  for newborn, 1, 5, 10 15-years and adults individuals [79]. These adult 

and pediatric stylized phantoms were extensively used in assessing of organ doses in 

radiation protection, projection radiography, nuclear medicine, environmental 

radiation exposures and diagnostic and interventional fluoroscopy. Besides that, 

several researchers have modified many of the simplified organ models into a more 

realistic human anatomy including brain, kidney, bladder, extra-thoracic airways, 

trachea, and extra-pulmonary bronchi. These improved organ models were 

incorporated in Han et al stylized phantom [86, 107]. 

Even though the mathematical phantoms have contributed considerably to 

radiation dose assessment and several organ models were also been modified and 

improved but still mathematical equations are inherently incapable to describe 

complexity human anatomy. With the development in computer power and imaging 

technology, the realistic human body phantoms called topographic phantoms (voxel 

phantom), were constructed by using MRI/CT images of real human objects [108, 

109]. The detail of all these tomographic phantoms is shown in table. Most of these 

voxel phantoms are based on Caucasian medical images[105] and only a few were 

constructed from MRI/CT images of Japanese and Korean subjects [27, 110]. 

The Anatomical descriptions of Asian populations are also tabulated in 

literature, and there are significant anatomical differences between the ICRP and 

Asian Reference Men. It has been shown by Stabin that the absorbed fraction value 

can be vary from 0.5-1% per kg change in body mass and on this basis the predicted 

inter-racial dosimetry profiles will be significantly conflicting [25, 29]. During 1988-

1993, the International Atomic Energy Agency (IAEA) led a project to establish 

reference data for radiation protection purposes for Japanese, Korean, Indian, 

Indonesian, Pakistani, Bangladeshi, Chinese, Filipino and Vietnamese populations. 

These data are based primarily on national surveys and autopsy study of healthy 

individuals and representative for their population. Data of these populations are 

presented in IAEA-TECDOC-105 Volume 1-2, where Volume 1 is a data summary 



Chapter 2 

21 

 

and Volume 2 is a compilation of country reports. Hence, the data in Volume 2 are to 

a large extent based on the data from Volume 1 [28, 111]. 

The need for quantifying inter-racial dosimetry variations is justified by the 

fact that the Pakistan is the second largest Muslim country having population 190 

million and having sixth position in world largest population countries [30]. Also it 

has also been found that the physical, physiological and metabolic characteristics of 

Pakistani population are different from Western and rest of the Asian countries. So, it 

is of interest to determine whether it's safe to evaluated the dosimetry on one 

population (Caucasian) and apply the results onto another (Pakistani) [25]. 

2.6 Voxel dosimetry 

2.6.1 Definition of Source-Target region at spatial level 

Internal dosimetry can be performed at organ, sub-organ, multi-cellular, cellular and 

at sub-cellular levels. Analytical expressions, dose point kernels and Monte Carlo 

methods are the main techniques used for determining the dosimetric parameters 

[32].In each case, any of the above techniques can be used for absorbed dose 

estimation for any user define source-target configuration. The following three steps 

are required for complete dosimetry at any spatial level [112]. 

1. In any dosimetric model the source and target region must be clearly defined. 

2. For quantification of radioactivity in any source region, the integral of activity 

with time must be quantified or assumed, using dose integral equations. 

3. The absorbed fraction and S-values for all radiations of interest and all source-

target configurations must be determined 

2.6.2 Dosimetry at Organ level 

Planner imaging techniques were used through 1970, for activity quantification of 

radiopharmaceutical considering organ as a whole and this set a minimum limit of 

spatial scale for source region definition. Consequently, all dosimetric techniques 

including dose point kernel convolution integrals, analytical expression for range-

energy and Monte Carlo methods initially utilized the “whole organ” assumption for 

both source and target regions of  any dosimetric model of organs [32]. The MIRD 

Pamphlet No. 5 and No. 11 reflect the same assumption of whole organ, considering 

activity distribution in source organ is uniform and isotropic. At the same time, all 
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practices related to nuclear medicine are only applicable to diagnostic procedures and 

the mean absorbed dose at whole organ level is considered to be a sufficient factor for 

risk and benefit analysis [80, 113]. Up till now, imaging techniques are still used for 

radiation dosimetry at whole organ level [114]. 

2.6.3 Sub-organ dosimetry 

With the introduction of PET and SPECT imaging techniques in early 1980s sub-

organ dosimetry was started for various organs compartments [114]. For example in 

neuro-imaging study, SPECT images have been extensively used for quantification of 

radio-pharmaceutical activity in cerebral cortex, a substructure of brain [115]. These 

radio-pharmaceuticals may be considered as non-uniform distribution of activity 

within the brain. Correspondingly, Monte Carlo Method or any analytical technique 

may be used for dosimetry of brain substructure if a dosimetric model of brain is 

construed considering these sub-regions as source and target. Even though the activity 

distribution in brain is not uniform one can still use the uniform activity distribution 

assumption in brain sub-structure and the tissue composition is also homogeneous in 

each compartment. Other illustration of sub-organ dosimetry includes the activity 

distribution in multi-regions of kidney and multi-chambers of heart [115, 116]. 

2.6.4 Voxel dosimetry 

Voxel dosimetry is performed for tissue regions having dimensions ranging from 

centimeters to micro-meters. Generally voxel dosimetry is associated with auto-

radiographic or homographic imaging technique (PET and SPECT) used for 

quantification of radio-pharmaceutical activity [114]. Such a small level of dosimetry 

is applicable in: 

1. Radio-immunotherapy (RIT) with mAb ( Monoclonal antibodies), labeled with 

radioisotope 

2. Radio-iodine therapy of thyroid carcinoma 

3. Tumor therapy with radio-pharmaceutical 

 In the above applications, the entire tumor or even a small region within the 

tumor may be defined as a source region. Both normal and cancerous tissues acquire 

the non-uniform activity distribution due to the variation in the radio-pharmaceutical 

pharmacokinetics. These non-uniform distribution of activity within the sub-structure 
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leads to non-uniformity in absorbed dose profile [117]. The dose non-uniformity 

develops “cold spots” which may allow the re-growth of tumor from the remaining 

cancerous cells. Accordingly, the mean absorbed dose in not a suitable parameter for 

evaluation of clinical outcomes [118]. The calculation of dose volume histograms 

(DVHs) and ISO-dose contours within these sub-organs are hence desirable. The 

corresponding dose non-uniformity is also depends on the radio-isotopes emission 

spectrum. The dose non-uniformity is more pronounced for short range low-energy 

beta and alpha particles. For high energy beta particles and gamma rays the dose 

profile is uniform and the uniform dose assumption to whole organ is applicable [32, 

119]. 

 SPECT and PET images are used for quantification of in vivo activity with 

resolution at 3 to 6 mm voxel level. The spatial resolution of the imaging system 

depends on the reconstruction algorithm, scattered photon correction, partial volume 

effects and attenuation correction. The variation in voxel size mainly depends on size 

of imaging matrix and field of view of camera. For these typical imaging modalities 

the data are acquired in an image matrix of size 64 x 64 or 128 x 128, yielding 3 mm 

or 6 mm cubical voxel size for 40 cm field of view [32, 114]. 

2.6.5 Dosimetry at multi-cellular and cellular levels 

Cellular and multi-cellular dosimetry needs activity quantification at a very small 

level ranging from micrometer to nanometer dimensions. Up-till now the activity 

distribution data acquired with in-vivo imaging techniques are not feasible at these 

small dimensions. Nevertheless, autopsy or biopsy techniques can be used to take 

measurements at cellular levels. Auto-radiographic techniques can be applied to these 

tissue specimens for activity quantifications, for a group of cells and even for single 

cell using high resolution film techniques [120]. A lot of research has been carried out 

by several researchers to construct dosimetric models applicable at multi-cellular and 

cellular levels. In these models cell as a whole, cell surface, cytoplasm and nucleus 

were considered as source regions for dosimetric parameters calculations. Various 

analytical and Monte Carlo methods (MCNP, EGS, Geant4etc) can be used for 

absorbed fraction and S-values estimation for the above target regions [37, 38]. With 

the development of ion-beam spectrometry technique it is now easier to estimate dose 

files at sub-cellular levels (Nucleus) which can be used to map tracer activity 

distribution at micrometers level. However, at sub-cellular level the mean absorbed 
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dose alone is not an adequate parameter to predict biological response [33]. For DNA-

molecule target, mechanistic models of radiation transport and radiation chemistry are 

frequently used to assess direct damage produced by secondary particle and indirect 

damage produced by free radicals [121]. 

2.6.6 Current methods for determining voxel cumulated activity 

PET and SPECT imaging techniques provide a way for quantitative analysis of 

activity distribution with time in voxels or sub-organs regions [122]. Voxel dosimetry 

makes use of activity per unit voxel as a function of time. The activity-time curve can 

be integrated to get cumulative activity for each image voxel.  Sub-organ cumulative 

activity can be determined by using sequential PET or SPECT images [123]. In 

situation in which the tissue autopsy or biopsy are possible, an in-depth information of 

activity distribution can be obtained for cluster of cells and even for single cell, using 

TLD dosimeters, autoradiography or combination of both [120, 124]. 

2.6.7 Recent methodologies for dose calculation 

At voxel level there are three main computational approaches, including dose point 

kernel convolution, Monte Carlo simulation and voxel S-values, are used for tackling 

of non-uniform activity dosimetry. However, among the three, point dose kernel 

method is the most widely used now a days. It may be due to the un-availability of 

voxel S-values for each voxel size compatible with imaging matrix or large 

computational time required for direct Monte Carlo radiation transport. Several 

researchers have published many articles on using of point dose kernel method for 

assessing non-uniform dose distribution at internal radionuclide treatment planning 

systems [34, 35, 43, 117, 123]. It also to be noted that DPKs approach can lead to 

errors within human body regions associated with tissue-bone or tissue-air interfaces. 

Furthermore, the approach does not account for variations in atomic number 

throughout tissue region that may affect the dose distribution delivered by low energy 

particles. In such situations direct MC transport Codes are preferable which consider 

tissue in-homogeneity [32]. With the development of computer technologies and 

increasing computational powers of computers it is now efficient to use direct Monte 

Carlo simulation codes (MCNP, PENELOPE, EGS, Geant4etc  ...) for voxel 

dosimetry [125, 126]. MIRD schema is also applicable for use of voxel dosimetry and 

having an equivalent approach as that of point dose kernel method [77]. 
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2.7 Dose Point Kernels 

Radioisotopes are frequently used for both therapy and diagnostic purposes in nuclear 

medicine department but dosimetry related to patient are not in routine clinical 

practice. Various Monte Carlo codes are used for transport of radiations/particles in a 

medium and gives accurate dose profile, especially at voxel level. Even though, with 

the increasing computational power day-by-day patient specific dosimetry with Monte 

Carlo code is still time consuming, especially at a voxel level for estimating dose-

volume histograms (DVH). Despite of the continuous improvement in hardware and 

software of computing systems, patient dosimetry with MC codes still require 

analytical and fast approaches to be used in clinical practice. One of the simplest 

approaches is to use dose point kernels (DPKs), which gives absorbed doses at radial 

distances from a point isotopic source in a homogeneous medium. In the present case 

DPKs have been estimated for water, soft and bone tissues. These DPKs can be used 

in combination with patient CT data which take into account the anatomical 

information of patient. These information provides a proper real time absorbed dose 

estimation in specific patients [32]. For optimization of absorbed dose estimating 

algorithms and full utilization of MC codes, DPKs should be estimated for various 

tissues (lung, bone, soft tissues etc.) and isotopes used in nuclear medicine. These 

DPKs can also be utilized for absorbed dose estimation of line, area and volumetric 

sources, using geometrical factors for these shapes. Finally, for bench marking of new 

MC codes DPKs are quick and simple ways to use it [34]. 

Initially for many years Loevinger et al. [112] equations and  Berger point 

kernels were used for calculation of the absorbed doses as a function of radial 

distances form point and other extended electron and photon sources [127]. 

Considering the homogenous medium for radiation transport was a drawback in 

Berger point kernels. In 1973 Berger presented the idea of scaled point kernels for 

electrons. Up-till now the dose point kernels calculated by Seltzer’s in 1991, are 

utilized for absorbed dose estimation of extended sources[128]. Various Monte Carlo 

codes including ETRAN, FLUKA, MCNP, EGS, Geant4etc, are used for estimating 

of dose point kernels of electrons and beta emitting radionuclide’s [34].   

As suggested by Furhang et al. MC codes can also be used for photon DPKs 

which is associated with many radio-nuclides used in nuclear medicine [129]. Even 



Chapter 2 

26 

 

though, beta absorbed dose is the dominant factor in DPKs but nevertheless, photon 

contribution is also important for adjacent organs to source. However, particular 

attention should be paid to low-energy emitting isotopes, as many codes show 

discrepancies at these energies. Beta and photon DPKs and voxel S-values have been 

published by several authors by assuming the material of human body is equivalent to 

water. However, in case of personalized patient dosimetry this supposition in 

inadequate so DPKs should be estimated for other materials comprising human 

anatomy [35].  

2.8 Historical review of Auger electron emitters 

In the early 1920s Pierre Auger observed multiple electron emissions while 

investigating low energy X-rays in a cloud chamber [130]. He concluded that these 

electrons are emitted from inner shells, which is a competitive process of X-rays or 

radiative emissions. The energy released by X-ray photons are gained by these 

electrons, having energy equal to transition energy minus the binding energy of 

orbital. These non-radiative transition emissions are called Auger electrons, in honor 

of Pierre Auger. The probability of Auger electron emission is given by   

   where  is the X-ray florescence yield [36]. Now a days these non-radiative 

transitions are classified into three categories namely Coster-Kronig, super- Coster-

Kronig and Auger electron transitions [131]. For conveniences all these non-radiative 

transition emissions are called as Auger electrons. About one-half of the 

radionuclide's which decays by internal conversion or electron capture, are considered 

as Auger electron emitters. Both these process produces vacancies in the inner shells 

of atom. Filling these vacancy causing a cascade of inner shell transitions and 

produces a large number of Coster-Kronig, super- Coster-Kronig and Auger electrons. 

Radionuclide like 
67

Ga, 
123

I, 
125

I, 
99m

Tc, 
111

In and 
201

TI, are considered as Auger 

electron emitters and are most frequently used in nuclear medicine for diagnostic and 

therapy purposes [132]. 

 In the early days, after discovery of Auger electrons, the contribution of these 

low energy electrons were neglected in the internal dosimetry due to its lower energy 

deposition in tissue as compare to the total energy released per decay of radio-

nuclides. However, soon it was realizes and its importance was shown by Carlson and 

White in the early 1960 [133]. They performed a number of experiments to 
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investigate the atomic spectra of 
125

I labeled with methyl and ethyl compounds. It has 

been observed that on the average, 7-10 electrons were emitted per K – or L-shell 

non-radiative transitions. The emitted electrons have minimum energy ~ 500 eV, with 

range ~ 25 nm in water which has most energetic 25-27 keV electrons from K-shell. 

These experiments poses questions regarding the biological effects of these low 

energy Auger electrons when its attached to a critical structure like DNA inside 

nucleus. About the same time, Wrenn also recognize the importance of the Auger 

electrons contribution in internal radiation dosimetry [134]. Followed by these 

experiments, numerous investigations have been carried out in-vitro and in-vivo, to 

examine the effects of Auger electron emitters at sub-cellular, cellular, molecular and 

organ levels[135]. Studies show that the range of damage produced by Auger 

electrons in isolated molecules is only a few basis pairs of DNA. It has also been 

demonstrated at cellular level that when Auger electron emitters are incorporated into 

the cytoplasm, the damage produced by these electrons are similar to low LET 

radiation damage. In contrast, when these electrons are incorporated into the nuclear-

DNA the response or survival curves are similar to those produced by high LET 

radiation [136, 137]. 

2.8.1 Auger electrons Dosimetry 

Various radio-biological experiments in-vitro and in-vivo performed with Auger 

electrons emitters, led to the following conclusions [134] 

1. Radiological risk associated with the exposure of Auger electrons requires re-

appraisal because of the under-estimation of risk using conventional 

dosimetric methodology. 

2. DNA targeted compounds, labeled with Auger emitters, may be useful for 

therapy of cancer at cellular level.  

3. It may also serve as precision radio-biological tool to elucidate the radio 

sensitive targets in the cell. 

In order to know and understand the basic mechanism of molecular damage and 

predicting the Auger electrons effects at cellular or organ levels, dosimetry of Auger 

emitters play a key role in radio-biology. Also, accurate dosimetry of Auger electrons 

is necessary and essential for interpretation of various experiments performed in 
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radio-biology and nuclear chemistry. Besides the target shape and dimension, 

consideration of the following parameters is also necessary for accurate dosimetric 

calculations. 

1. Radionuclide Spectra 

2. Energy deposition pattern of the emitted radiations 

3. Biokinetics of the radio-pharmaceuticals, considering both uptake and 

clearance patterns 

In this study we only consider the above two parameters which have only physical 

nature, basically depends on the interaction of radiation with matter [36, 138]. 

2.9 Dosimetry at Cellular and Sub-cellular level 

In every radiation therapeutic modality the ultimate goal is to deliver a lethal radiation 

dose to cancer cells while sparing healthy cells from radiation induced hazards. This 

goal may be achievable easily for bulky solid tumors or organs [139]. For syndrome 

characterized by single or cluster of malignant cells, treatment with external beams of 

high energy electrons and photons or internalized high energy beta emitters is not 

optimum treatment due to excess of cross-doses which may result in unacceptable 

malignancy to healthy cells [140, 141]. Targeted radio-therapy (TRT), which utilizing 

Auger electrons and alpha emitters, seems to be an alternative therapeutic modality 

for disseminated and micro-metastatic diseases [142]. However, for successful TRT 

various biological, physiological and physical parameters should be carefully 

examined in order to optimize the choice of radionuclide and its carrier agents. It is 

therefore not surprising that radio-immunotherapy has so for been found most 

successful in the treatment of non-Hodgkin lymphoma (NHL) [137].  

After 30 years of clinical research in TRT, currently two radiopharmaceuticals 

Zevalin ( IDEC Pharmaceuticals) and Bexxar (Glaxo Smith Klein) are available in the 

market for treatment of NHL. Many other radio-pharmaceuticals are under clinical 

investigation for TRT. Antibody of Zevalin is labeled with 
90

Y, emitting  high energy 

(2.28 MeV) B-particles having 11.3 mm range in water  while  Bexxar is labeled with 

131
I, emitting medium energy (0.606 MeV) beta-particles having 2.28 mm range in 

water . As a result both radio-pharmaceuticals emits beta particles which span to 
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several cell diameter, resulting an under-dosage of targeted malignant cells while 

over-dosage of nearby healthy cells which may turn malignant later on [137, 143-

145]. 

 Now a days, the dosimetric techniques employed in TRT are usable at 

macroscopic level of organs (mm- cm) and tissue. However, it is quite clear that for 

optimum efficacy of TRT in case of malignant blood cells, knowledge of energy 

deposition at cellular level is necessary. In this procession, the emphasis should be on 

critical targets of cell such as cell nucleus, DNA, cytoplasm and chromosomes. At 

cellular level short range charged particles, such as Auger electrons and alpha 

particles, are more appropriate than high or intermediate energy beta emitters. Auger 

electrons and alpha particles both present two different advantages, namely, the 

significant reduction of cross-doses to neighboring healthy cells and the occurrence of 

high density ionization pattern in matter associated with increased lethal doses to 

targets [38, 146].  

S-value solely depends on transport property of radiation within a given 

geometry but independent from   . Thus, the MIRD committee has provided an 

extensive tabulation of absorbed fraction, dose point kernels (DPK) and S-value for 

various geometrical shapes, from organ to cellular level for various radionuclide’s, 

mono-energetic electrons and photons. Initially transport equation (Boltzmann 

equation) was used for calculation of dosimetric parameters at organ/tissue level. 

Later on various general-purpose condensed history MC codes such as MCNP, 

ETRAN, EGS and Geant4, were used for above parameters [41]. Unlike Boltzmann 

equation or any other analytical methodology, almost all MC codes take into account 

the in-homogeneities associated with human body as well as variety of source-to-

target configuration encountered in dosimetry practice. However, at microscopic level 

the use of such a MC codes is fundamentally unsuitable due to restricted spatial 

resolution. The energy cut-off for electrons (1-10 keV) adopted at these codes 

corresponds to spatial resolution which exceeds the dimensions of targets at cellular 

level (nm - µm). Thus, a deterministic approach adopted by MIRD committee to 

calculate cellular S-values, based on Cole analytic range-energy expression for 

electrons and the application continuous slowing down approximation (CSDA) 

concept [147]. Cole range-energy formula was modified by Howell et al. at low 

energy (< 400 eV) [117]. The CSDA methodology assumes that the energy loss by 
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primary particles due to inelastic collision is deposited at a continuous rate along a 

straight line trajectory, using collision stopping power. CSDA methodology assigns 

zero ranges to all delta/secondary electrons. The following expression is used by 

MIRD committee for S-value calculation [42, 117]. 

 
                     

 

  
 
  

  
 
       

    
(2.1) 

 

                          (2.2) 

Where          (x) is the geometrical factor representing the probability of a 

vector length x starting from a random point within source region and ending within 

target region,  
  

  
 
       

 is the effective stopping power evaluated at residual range 

(       ) of particle with energy   after traversing a distance x. Unlike organ 

dosimetry, the contribution of photons at cellular level is safely neglected due to 

smaller contribution in S-values [38, 148]. However, the extension of the CSDA 

methodology from cellular (several µm) to the sub-cellular (nm- µm) level becomes 

problematic since the discrete nature of energy-loss process associated with angular 

deflections, straggling, and finite range of the delta electrons, cannot be neglected at 

this scale. All of the above deficiencies of the CSDA methodology are incorporated in 

the present Geant4-DNA Physics model [149-151]. 

 

 



Chapter 3 

31 

 

3 Materials and Methods 

3.1 Monte Carlo Methods in Radiation Transport 

The Monte Carlo technique is a statistical approach of deriving a macroscopic 

solution to a problem using random numbers. It related to random sampling of 

probability distribution functions (pdfs) which describe a particular problem of 

interest.  If the provided algorithm is accurate and the geometry describes the physical 

system is well-modeled then repeated sampling of pdfs will results a convergent 

correct solution. In MC simulation of radiation transport, particles travel in medium in 

discrete steps and undergo various physical interactions along their way. Pseudo-

random number generator is used in simulation, to account for statistical nature of 

particle interaction. Cross sectional data is used to sample step length and type of 

physical interaction, considering the geometrical constraints. Sampling of the suitable 

differential cross sections determines the net energy and direction of the secondary 

particles [152]. In internal radiotherapy, the geometries typically include the human 

organ size, shape and composition and the simulation outcome is the absorbed dose in 

a human model. A wide range of problems can be solved by applying MC method. 

Civil engineers use it for traffic signal planning, electrical engineers use it to simulate 

electronic transport in electronic circuits and semi-conductor devices, and business 

community use it for financial planning. Similarly, in bioinformatics this method is 

used for genes mapping and genetic modeling, mathematician use it for complex 

integrals [153]. 

3.2 Condensed history (CH) techniques 

Berger developed condensed history technique for electron transport, to simulate large 

number of Columbic interaction in a single step. The flowing are the two condensed 

history logarithms used in Monte Carlo codes [154]. 

3.2.1 Class I Condensed history technique 

In this technique CSDA model is used in order to account for the overall effects of 

electronic interactions. The transport of electrons is simulated in a series of steps. The 

steps are in such a way in order to confirm the energy loss grid. The unrestricted 

stopping power tables are used for energy loss calculation. Angular distribution of 

electrons is estimated from Goldsmith-Saunderson [155] distribution. Landau theory 
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is used for simulation of energy straggling [156]. Secondary electrons are also 

generated in CH scheme I, but there is no direct correlation between the direction and 

energy of Primary electrons and production of secondary electrons [157]. 

3.2.2 Class II Condensed history technique 

In this technique, user has the choice to define a threshold for the production of 

secondary electrons and photons. Above this production threshold, users provided, 

particles are simulated in discrete manner while below particles are tracked in 

continuous manner. The loss of primary particles energy corresponds to the creation 

of secondary particles energy. The step size is limited by boundaries and is sampled 

randomly from interaction cross section. Particles energy losses are accounted from 

restricted stopping powers. Multiple scattering process used for secondary electrons, 

also take into account the orbital election scattering [152, 157]. A number of general-

purpose Monte Carlo codes are available for radiotherapy applications. The popular 

ones are listed in Table 3.1. 

Table 3.1  General purpose MC Codes used for radiotherapy applications [8] 

MC code  Particle types Class Programming language 

ETRAN/ITS Photons, electrons I FORTRAN 
EGS4 Photons, electrons II FORTRAN 

EGSnrc Photons, electrons II FORTRAN 

MCNP Photons, electrons I FORTRAN 

MCNPX AlI particles I FORTRAN 

PENELOPE Photons, electrons II FORTRAN 

GEANT3 AlI particles II FORTRAN 

Geant4 AlI particles II C++ 

 

3.3 Photon transport 

In radiation physics, photoelectric effect, Compton scattering effect, pair-production, 

Rayleigh scattering, and Photo-nuclear interaction, are the major interaction 

mechanisms with matter. Among these, photoelectric effect, Compton scattering and 

pair production are the leading interaction mechanisms for transferring energy to 

secondary particles [158, 159]. Table 3.2 shows the dependency of interaction 

probability with atomic number and initial energy of photon. 
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Table 3.2 Dependency of gamma photon interaction on atomic number and 

energy[158] 

Interaction Photoelectric 

effect 

Compton 

scattering 

Pair production Rayleigh 

scattering 

Dependency on 

atomic number 

 

 
    

  
 
    

 

 
    

  
 
    

Dependency on 

energy 

 

     
 

Decreases 

with energy 

Increases with energy 

(above 1.022 MeV) 

 

     
 

 

3.4 Electron Transport 

3.4.1 Electron interaction processes 

Electron transport is more computationally expensive than photon transport because 

electrons typically experience a hundred-thousand of interactions before losing all of 

their kinetic energies through Coulomb interactions. The type of interaction that an 

electron will experience depends on the relationship between the atomic radius a and 

impact parameter b. The impact parameter b is the vertical distance between the 

uninterrupted electronic path and the atomic nucleus prior to an interaction [152, 160]. 

3.4.1.1 Soft collisions (b » a) 

When electron approaches atoms at larger distances, soft collision is the most 

probable interaction to occur. In each interaction, electron lost a small amount of 

energy in medium through ionization or excitation. Only a few eV energy is lost in 

each individual interaction. The global effect of too many soft collisions can be 

modeled implying the continuous slowing-down approximation (CSDA) methodology 

in Monte Carlo simulation. It is assumed that electron loss its kinetic energy 

continuously along their paths and collision stopping powers can be used for energy 

loss calculations. In soft collisions approximately half of the primary electrons kinetic 

energy is transfer to medium [154]. 

3.4.1.2 Hard collisions (b~a) 

When the impact parameter is comparable to the atomic size, the incoming electron 

may lose lots of kinetic energy through hard collision with an orbital electron. The 

orbital electron is ejected from orbit and appears as a delta ray. Since the two 
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electrons are indistinguishable from each other, the incident electron is assumed, by 

convention, to be more energetic after the collision. About half of the incident kinetic 

energy of electrons is transfer to an orbital electron. The interaction of free electrons 

is governed by the Meller cross section data. Bhabha cross section data [161] is used 

for positron-electron scattering [162].  

3.4.1.3 Interactions with atomic nuclei (h « a) 

In an event when electron comes very close to the atomic nucleus, it will most 

probably experience an elastic scattering. Its trajectory gets changed due to nuclear 

reactions, or Rutherford scattering, or nuclear scattering, but the energy loss tends to 

be negligible [152]. Multiple scattering illustrate the cumulative effect of such elastic 

scattering. Since the cross section per atom is Z dependent and proportional to Z
2
, so 

the amount of scattering will be greater for high-Z materials. At grazing angels the 

behavior of angular distribution follows Gaussian pattern and becomes like 

Rutherford scattering at larger angles. A number of multiple scattering theories have 

been developed and they will be described in Section [158]. 

Bremsstrahlung interaction happens for about 2% of the cases in which an 

electron come close to the nucleus. The emitted photons tend to go in a direction 

perpendicular to the electron path at low electron energies, and become more 

forwardly peaked at high energies. Since the differential cross section is Z dependent 

and proportional to Z
2
, so the bremsstrahlung photon emission will be more for high-

Z materials. The bremsstrahlung energy loss is accounted for by using radiative 

stopping powers [158]. 

3.5 Overview of Geant4 functionality 

The class category diagram of Geant4 is shown in figure 3.1. Categories at the bottom 

of diagram provide a foundation of the Geant4 toolkit and virtually used by all higher 

category classes [163]. The detail of each of the classes is discussed in Geant4 user 

manual [149]. 
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Figure 3:1 Classes category diagram in Geant4[149] 

Geant4 is a toolkit base on object oriented language C++. Every statement of 

C++ is executed at the beginning of function main(). The whole program may consist 

of several functions/methods, classes, objects and various other program elements but 

at the start, control of the program always goes to function main().Geant4 toolkit does 

not provide any build-in main() function but the user must have to  provide their own 

main()  function, according to the requirement of simulation application. The main() 

function is implemented in Geant4 by G4RunManager and G4UImanager toolkit  

classes and three other mandatory classes namely: UserDetectorConstruction, 

UserPhysicsList, and UserPrimaryGeneratorAction.G4RunManagerclass control over 

all flow of the program and manages event loops during a run. Once this class is 

created all other mandatory classes are also created and deleted automatically when 

G4RunManagerclass is deleted [82, 149]. 
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3.5.1 Mandatory classes (user defined classes) 

For building any application program, the user must have to derive their own concrete 

classes from three abstract base classes: G4VUserDetectorConstruction, 

G4VUserPhysicsList, and G4VUserPrimaryGeneratorAction. All these classes are 

provided by Geant4 and must be define for each simulation program. All of the above 

mentioned classes are to be registered to the G4RunManager, which control the 

overall behavior of simulation program. In G4VUserDetectorConstruction class, the 

detector shape, geometry, material, sensitive regions for scoring and visualization 

attributes are to be defined. Particles types, its interactions and production cuts for 

various particles should be defined in G4VUserPhysicsList class. All information 

related to radiation source or beam (energy, shape, dimension, direction and type of 

particle) are to be defined in G4VUserPrimaryGeneratorAction class [82, 149]. 

3.5.2 User action classes (Optional) 

From user perspective, in order to control the overall program and simulation output 

Geant4 provides five base classes. These base classes contain various 

method/functions that can be called at various stages of simulation for getting desired 

results (See table 3.3). Users can write and implement their own methods to perform 

various tasks, such as defining a histogram, analyzing the output data, setting priority for 

a track, control of track, storing primary and secondary particle trajectories, and 

terminating a track. In each of these classes there are several virtual methods which 

allow the specification of additional features at all level of simulation. These virtual 

methods can be invoked by user to get desire level of information. In case of internal 

radiation dosimetry we have implemented UserSteppingAction, UserEventAction and 

UserRunAction classes for getting information about energy deposition at step level 

and dose deposition in sensitive target organ. A simplified flowchart of Geant4 

simulation run is shown in figure3.2 [82, 149]. 

Table 3.3 Description of optional user action classes used in Geant4 

User action class  Time of invoke 

G4 UserRunAction At the start and end of each simulation 
G4 UserEventAction At start and end of each particle history 

G4 UserStackingAction At the beginning of each history 

G4 UserTrackingAction At the start and end of each trajectory 

G4 UserSteppingAction At the ending of each step 
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Figure 3:2 Flowchart for a simulation run in Geant4[8] 

3.6 Validation of Geant4 with NIST and Experimental 

Data 

Geant4 is an object oriented Monte Carlo simulation toolkit used for the tracking of 

particles in matter. It offers different physics models (Standard, Livermore, Penelope, 

DNA physics models etc.) for various processes (Optical, Hadronic, and 

Electromagnetic etc.) including a number of particles (100 particles) covering a wide 

range of energies [150]. It also provides a broad set of functionalities for 

visualizations, tracking and geometrical sketching of simulation setup. It has been 

developed by a large number of collaborators from word-wide, exploiting object 

oriented and software engineering techniques. Due to flexibility of Geant4, it is 

extensively used by several scientific communities in various fields, including 

accelerator physics, particle physics, astrophysics and medical physics. Initially it was 

design for high energy physics simulation but latter on it was extended to low energy 

physics applications. Various physics models for electromagnetic (EM) interaction of 

electron and photon are discussed here. A detail description of EM interactions of 
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electron (Ionization, bremsstrahlung) and gamma photons (photoelectric, Compton 

and pair production) for Standard, Livermore and Penelope physics models are 

analyzed. Due to greater flexibility offered by Geant4 to the user, to select a physics 

processes from a variety of available physics models [82, 83]. 

It is desirable in any application of Monte Carlo simulation to increase its 

accuracy and computational speed. The accuracy of MC simulation strongly depends 

on interaction probability function which is basically cross section data used for 

particles transport calculation. Cross-section data is one of the sources of error in any 

Monte Carlo code used for simulation of particle tracking [164]. Cross section data 

validation is performed for the said physics models extensively over a wide range of 

energies. The data has been taken for water, used as a reference dosimetric material in 

radiotherapy. The cross section has been compared with NIST data libraries [165] and 

ICRU 37 report [166]. 

3.6.1 Standard physics model 

This model offer photoelectric, Compton and gamma conversion effects for photon 

and ionization and bremsstrahlung processes for electron, over an energy range of 1 

keV to 100 TeV. Simulation of all low energy atomic relaxation processes and 

Raleigh scattering are not included in the model. However, Geant4.9.6 standard sub 

packages have the option to activate the atomic relaxation processes. All interactions 

as a result of atomic relaxation processes, have deposited energy locally according to 

CSDA methodology [128]. Besides that, process for optical photon, muons, hadrons 

and charge particles are included in the model. It’s a very computationally efficient 

model due to its simple transport algorithm. The final state of the particles is not 

simulated in detail as compare to low-energy extension models. Cross section data are 

obtained from the parameterized schemes developed for all processes and particles 

[149, 150]. 

3.6.2 Livermore physics model 

Livermore physics model is a Low energy physics model, uses data from Livermore 

National Library for electrons, photons and atoms. It simulates particles down-to 250 

eV energy which is suitable for applications, having low energy extensions: such as 

space science and medical physics. In principle low energy physics models are used 

down-to 100 eV energy but with degraded accuracy.  Besides all major interactions of 
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electrons, photons, hadrons and ions, it also included atomic relaxation process like 

fluorescence and auger electron emission [83]. All processes related to the positron 

interaction are not included in the model. It uses, EPDL97 for photon, EEDL for 

electrons and EADL for atoms, as cross section data from Livermore library [162, 

167]. Data for electron stopping powers are extracted from Ziegler and ICRU 

publications. 

3.6.3 Penelope physics 

Penelope model is an alternative to low energy process. Like other major processes 

for electron and photon it also includes all processes of atomic relaxation and positron 

interactions. Penelope model is based on version2008 Penelope MC code [125] which 

is re-engineered and included in Geant4.9.6. It tracks the particle from 100 eV to 1 

GeV energy [150]. 

3.7 Photon and electron cross-section data libraries 

Accuracy of the cross section data is an important element towards the reliability of 

the Monte Carlo codes. XCOM [168] and EPDL97 [167] are the two most accurate 

sources of photon cross sections and regarded as a standard for radiotherapy 

applications. XCOM data library is compiled by National Institute of Standards and 

Technology (NIST) for various elements (1 ≤ Z ≤ 100) and energy range of 1 keV to 

100 GeV. EPDL97 data library is compiled by Lawrence Livermore National 

Laboratory for energy range down to 1 eV. Similarly for electron stopping power, 

ranges and cross section data, EEDL data library [162] and ICRU 37 Report are used. 

ICRU37 stopping power data [166] is also recommended for radiotherapy 

applications. 

3.8 Geant4 based absorbed fraction of electrons and  -

photons using various geometrical models and 

biological tissues 

In this study the goal is to evaluate the discrepancies in the estimation of the absorbed 

fractions for photon and electron sources in various geometrical models for different 

biological tissues as a material, using Geant4 Monte Carlo code, which now a days is 

among the most widely used code worldwide employed by medical physicists for 

dose estimation originating from external as well as from internal radiation sources 
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[82, 83]. In this study we employed spherical, ellipsoidal and cylindrical geometrical 

models. Spherical model is employed to represent nodules and tumors or other small 

up-taking regains. Ellipsoidal models are used to model not only small target tissue 

such as thyroid nodules but also whole organs like kidneys, ovaries, spleen, tactical, 

thymus and bladder. Beside that human trunk, small- and large intestine, head, neck 

and extremities are modeled cylindrically. 

The absorbed fractions for electrons and photon distributed uniformly in 

spheres and ellipsoid have been reported by many authors [41, 53, 57]. Here we 

extent such a study to cylindrical geometry and present an overall picture of the 

absorbed fraction for three geometrical models of various sizes, for a range of 

energies of photon and electron. Further simulations have been carried out for water, 

ICRP soft, brain, lung & ICRU bone tissues as material for these models [149]. The 

energy range adopted in our study covers most of the energies emitted by radio-

nuclides currently employed in nuclear medicine procedures or any accidental 

inhalation and injection of radio-nuclides. For electrons the energy range is 0.1 to 4 

MeV and for -photons the energy range 0.02 to 2.75 MeV were considered. 

For validity of our code we compare Geant4 based AF for -photons and 

electrons with already published AF data.Geant4 based total cross section for -

photons and CSDA (Continuous slowing down approximation) range of electrons 

were inter-compared with NIST XCOM cross section data [165] and ICRU report 37 

[169] respectively. 

In Nuclear medicine several procedures are adopted for diagnostic and 

therapeutic applications. The radiopharmaceuticals are administered to patient orally 

or intravenously. When the radionuclide enters the organ, it acts as a source which 

irradiates the rest of the organs and body, until the radionuclide decays physically or 

is excreted-out of the body. The magnitude of the absorbed dose to various organs 

depends on the characteristics of radionuclide, distance of the target organ from the 

source organs and absorbed fraction (AF) or specific absorbed fraction  ST  . 

Which define as: 

 
       

      

  
, 

(3.1) 
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 Where      is the absorbed fraction and   is the mass of the target. The 

absorbed fraction is define as 

        
  

  
, 

(3.2) 

   

Where    is the deposited energy in target of interest and    is the energy emitted by 

the source region. Here in this simulation both the target and source are same [48, 59]. 

In the current simulations, Geant4Standard electromagnetic physics model has 

been employed for all physics processes. This package covers energy ranging from 1 

keV to 100 TeV for electron and -ray transportation. Physics processes including 

Compton scattering, electron-positron pair production and photoelectric effect were 

taken into account for  -ray transportation. Bremsstrahlung and Moller scattering for 

electron and Bhabha scattering for positron, are also available physics processes in 

this model [150, 170]. 

In order to check physics processes of Geant4 electromagnetic Standard 

physics model, we compare total cross section for -photons and CSDA range of 

electrons with published data. Data for this purpose, Geant4 based total cross section 

for -photons and CSDA range of electrons were inter-compared with NIST XCOM 

cross section data and ICRU report 37 respectively. 

The absorbed fractions for electrons and photon distributed uniformly in 

spheres, cylinders and ellipsoids have been estimated. The absorbed fraction for each 

value of particle energy is estimated by energy deposition in a target. The principle 

axes 1/1/0.75 and 1/1/2 for cylinder and ellipsoid respectively considered in this work 

[52]. Further simulations have been carried for water, ICRP soft, brain, lung & ICRU 

Bone tissues as material for these models. The elemental composition of materials 

used in simulation is shown in table 3.4. 

The energy range was adopted in this study to cover most of the energies 

emitted by radionuclides currently employed in nuclear medicine procedures or any 

accidental inhalation and ingestion of radionuclides. For electrons the energy range 

0.1 to 4 MeV and for -photons the energy range 0.02 to 2.75 MeV, were considered. 

The Stabin and Konijnenberg suggested range of volume for spherical and ellipsoidal 

shapes were considered, for both -photons and electrons. For cylindrical geometry 
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up-to 0.1 m
3
 volume values were considered in order to meet the requirement of 

human trunk absorbed fraction. 

Table 3.4 Elemental composition of ICRP soft, brain, lung & ICRU bone tissue 

materials as given inGeant4 material definitions [149]. 

Item ICRP-Soft tissue ICRP-Lung ICRP-Brain ICRP-Bone Water 

Density 

(g/cm
3
) 

1.04 1.05 1.03 1.85 1 

Excitation 

energy (eV) 
72.3 75.3 73.3 91.9 75 

Composition      

H 0.104472 0.101278 0.110667 0.063984 0.112 

C 0.23219 0.10231 0.12542 0.278  

N 0.02488 0.02865 0.01328 0.027  

O 0.630238 0.757072 0.737723 0.410016 0.888 

Na 0.00113 0.00184 0.00184   

Mg 0.00013 0.00073 0.00015 0.002  

P 0.00133 0.0008 0.00354 0.07  

S 0.00199 0.00225 0.00177 0.002  

Cl 0.00134 0.00266 0.00236   

K 0.00199 0.00194 0.0031   

Ca 0.00023 9e-05 9e-05 0.147  

Fe 5e-05 0.00037 5e-05   

Zn 3e-05 1e-0 1e-05   

 

For good statistical results     histories (number of particles) were generated 

for each calculation point in the Geant4simulations. The relative difference between 

reference value and Geant4 calculated value is found as        calculated by: 

 

             
            

    
         

(3.3) 

Where         is the Geant4-based absorbed fraction and    corresponds to 

the value of absorbed fraction for reference. The statistical uncertainties estimated in 

the simulated results are below 1%.  All simulations conducted in this work were 

carried out using Geant4version 9.5 [150]. 

3.9 Influence of thyroid volume reduction on absorbed 

dose in 
131

I therapy studied by using Geant4 Monte 

Carlo simulation 

In this study the effect of mass reduction of thyroid, during 
131

I therapy on the 

calculation of absorbed dose is estimated using Geant4 Monte Carlo simulation code 
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[20, 82]. Further simulations have been carried for water, ICRP & ICRU tissue as 

thyroid material and results are compared [26, 99]. Also various thyroid geometries 

(shape) including spherical, cylindrical & ellipsoid have been considered and 

respective results are compared with published data. For 
131

I,  - and  - absorbed 

fraction and S-values for various geometries of thyroid are estimated and the results 

have been compared with already published results. The dependence of specific 

energy deposition per decay    , energy deposition per decay     and activity-to-

dose-rate conversion factor     on thyroid volume     have been fitted using non-

linear least-square fitting method and the results are presented.The following MIRD 

schema has been used for estimation of absorbed dose to thyroid [13, 48]: 

 
                   

 

 
(3.4) 

where D  absorbed dose rate to a target region of interest (mGy/hr); sA is 

activity (MBq) in the source region; iy is number of radiations with energy Ei (MeV) 

emitted per nuclear transition; i  is fraction of energy emitted in a source region that 

is absorbed in a target region; Tm is mass of the target region (kg) and k is 

proportionality constant (Gy.kg/MBq.hr.MeV).  

Geant4 simulations have been carried out to calculate the energy deposition 

per decay for beta- and gamma-rays of 
131

I for ellipsoidal, spherical and cylindrical 

thyroid models of various sizes ranging from 1–25 cm
3
, using water, ICRP and ICRU 

soft tissues as thyroid material. The principal axes for ellipsoidal and cylindrical 

models were taken at the ratio of 1/1/2 and 1/1/0.75 respectively [52]. 

In Geant4 simulations thyroid was considered as volumetric source in which 

131
I is distributed uniformly. The 

131
I  -spectrum has peak energy of 0.365 MeV with 

0.853 emission probability and 0.389 MeV energy per transformation while beta 

spectra have an average energy of 0.183 MeV per transformation [159]. In 

simulations we considered total energy per transformation. The term Iodine spectrum 

means dose rate contribution from gamma total energy per transformation and 

average beta energy per transformation. For absorbed fraction and S-values, the mass 

of thyroid was considered to be 1,2,4,6,8,10 and 20 g respectively.  
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In order to keep the statistical uncertainties associated with the presented 

estimated results below 1%, 10
6
 histories were generated for each simulated run, a 

value lower than the experimental uncertainty. Simulated dose rate was calculated 

using following relation [171]: 

 

          
             

       
 

(3.5) 

where D is the absorbed dose rate in Gy/h, E is the deposited energy in Joules 

(J), A is the source activity in Bq, C is the conversion factor (C = 36x10
5
), N is the 

number of histories generated, and M is the detector mass in g. 

3.10 Determination of Age Specific 
131

I S-value Values for 

Thyroid using Anthropomorphic Phantom in Geant4 

Simulations 

The values of S-value of 
131

I includes both  - and  - contributions. The S-values are 

generally tabulated for adult thyroids having standard sizes of body and organs. But 

for thyroid Grave’s disease, patients have a range of thyroid sizes. Snyder (1970), 

suggested a scaling law for penetrating and non-penetrating radiation to make the 

adjustment in calculations for a size of an organ different from the standard [24, 25]. 

This scaling law, however, is an over approximation for Ellipsoidal organs. In this 

study we estimated the S-value values for 
131

I in thyroid of individuals of both 

genders in different age groups, using Geant4 Monte Carlo simulation tool. The 

provision has also been made to estimate the S-values for Graves’s disease with 

patients having variable thyroid sizes [20]. A comparison has been carried out in this 

work for the S-values calculated using various thyroid geometries including spherical 

& ellipsoidal with published data. In order to represent the thyroid organ precisely, 

the two lobes ellipsoidal model is also presented along-with single lobe ellipsoidal 

model. A new mathematical model available in Geant4 (for anthropomorphic 

phantom) for thyroid is also presented here for the estimation of absorbed dose factors 

[149]. The results of new model of thyroid are compared with ORNL phantom and 

published data.  

The absorbed fractions for electrons and photon distributed uniformly in the 

ellipsoidal thyroid model are presented, covering an energy range            in 

case of electrons and                in case of gamma photons. This energy range 
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was adopted so that the S-values for various isotopes of iodine currently employed in 

nuclear medicine procedures or any accidental inhalation and injections can be 

estimated. The ICRP soft tissue and water have been employed to estimate the energy 

deposition per decay both for  - photons and  - particles. 

For absorbed dose calculation we used the MIRD schema approach that can be 

represented as[76]: 

                                   (1) 

Where                     the mean is absorbed dose per unit cumulative 

activity and    is the cumulative activity in the thyroid organ. The S-value is a 

characteristic of type of radionuclide, target size and target source configuration and 

is define as: 

 
                                

 

 
(3.6) 

Where  is the proportionality constant (Gy.kg/MBq.hr.MeV);    is the mass 

of the target (kg);     is number of radiations with energy         emitted per nuclear 

transition;   is the fraction of energy emitted by the source and absorbed in the target 

region. This quantity is usually calculated using the Monte Carlo simulations using: 

               (3.7) 

Where     , is the total energy deposited in the target region per 

disintegration and        is the total energy emitted from source region per 

disintegration. The absorbed fractions from  -rays and β-particles can be calculated 

separately using the Monte Carlo simulations and then summed to compute S-value 

(mGy/(Bq.s) as follows [172]: 

 

                          
     

  
          

 

 

     

                                                                

 

 

 

(3.8) 

where the factor              converts MeV into joules. 

 For Monte Carlo simulations we used Geant4.9.6 in this study. The energy 

deposition in our simulation was scored by utilizing GetEnergyDeposit ( ) method of 
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Geant4.9.6 classes. With the GetPosition ( ) method the particle position was tracked 

in the target area. If the particle remained inside target the energy was scored by 

GetEnergyDeposit() method. The energy deposited (  ) and its square (  
 ) for i

th
 

event was scored in the EventAction class and these results were summed by the 

RunAction class for total energy deposition in the target. An average value was 

calculated for the  number of particles simulated. The square term was used for the 

estimation of statistical standard deviation [149]. 

The absorbed fractions for electrons and  -rays distributed uniformly in 

ellipsoidal shaped thyroid were estimated by considering the average energy of both 

the gamma and β particle emitted from a particular radioisotope of iodine However 

we consider a range of average energies of β-particles and  -rays so that most of the 

isotopes of iodine (
123

I, 
124

I, 
125

I, 
131

I, 
132

I, 
135

I) are accounted for. For this purpose, the 

range of average energies considered for β-particles was            and that for the 

 -rays was              [173]. The absorbed fraction for each particle energy 

was estimated by energy deposition in a target by taking principle axes 1/1/2 for 

ellipsoid in this work. In this work, for absorbed fraction calculations, the ICRP soft 

tissue composition, with density 1.05 g/cm
3
 has been employed[58]. These absorbed 

fractions were considered for various age groups including developing fetus, newborn 

baby, one, five, ten, fifteen years and adults individuals. For these individuals the 

mass of thyroid varies between           . 

The results of S-values calculations are affected by the degree of detail 

included in the model compared with the original thyroid. In literature, spherical, 

cylindrical and ellipsoidal models have been considered for thyroid and for other 

organs. Here a comparison for, Geant4 calculated, S-value values by considering the 

spherical and ellipsoidal geometries as representatives of thyroid have been presented. 

Further the ellipsoidal model is classified into single and double lobes as well. In 

addition to the simple ellipsoidal model, the anthropomorphic phantom mathematical 

model for thyroid has also been included in Geant4 simulation as shown in the figure 

3.3. In this approach the thyroid lobes which exist between two concentric cylinders 

and formed by cutting surface presented by equations. Mathematically, it is the region 

enclosed as [103]:  

             
     (3.9) 
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with       ,   and               . The values of these parameters are provided 

in table 3.5. Following restrictions are also applicable to the above mentioned 

equations. 

              
               

       3.10   

where,  

 

  

 
 
 

 
  
     

 
  
    
     

                       

 
    

 
  
    
     

                            

  

(3.11) 

Table 3.5 Values of various parameters for thyroid phantom used in Geant4 

simulations[113]. 

Phantom CT(cm) R (cm) r (cm) c y0(cm) Volume (   ) 

Newborn 21.60 0.87 0.40 2 -2.14 1.24 

Age 1 year 30.70 0.97 0.44 2.21 -2.87 1.71 

Age 5 year 40.80 1.21 0.55 2.76 -3.31 3.24 

Age 10 year 50.80 1.60 0.73 3.63 -3.56 7.52 

Age 1 5 year 63.10 1.85 0.83 4.20 -3.91 11.43 

Adult Female 63.10 2.07 0.94 4.80 -3.98 16.19 

Adult male 70.00 2.20 1 5 -4 19.05 
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Figure 3:3 Human phantom indicating the size and shape of thyroid employed in 

Geant4. 

The shape and location of thyroid organ embedded in the human phantom is 

shown in figure 3.3. 

In this simulation study, thyroid was considered a volumetric source in which 

131
I was distributed uniformly. β-particles undergo multiple Coulomb interactions 

while depositing their energy in the medium and consequently a small portion of their 

energy, near the surface of thyroid escapes and is scored out of the thyroid volumes. 

Although the 
131

I spectrum shows a γ-ray peak at energy of 0.365 MeV with an 

emission probability of 0.853 and similarly β-particles having a range of energies 

(distributed according to the Fermi distribution), we only considered the mean energy 

per decay both for γ photons and β particles for the sake of simplicity [159]. 

In this study 10
6
 histories were generated for each simulation run, so that the 

statistical uncertainties associated with the presented estimated results are below 1%, 

a value lower than the experimental uncertainty [174]. 
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3.11 Absorbed dose estimation for critical organs of 
131

I 

using Geant4 

The aim of this study is to compare mean absorbed doses of critical organs of 
131

I 

using MIRD[80] with the corresponding predictions made by Geant4 simulations 

[82]. S-Values and energy deposition per decay for critical organs of 
131

I for various 

ages, using standard cylindrical thyroid phantom comprising of Water & ICRP soft-

tissue material, have also been estimated. In this study the effect of volume reduction 

of thyroid, during radiation therapy, on the calculation of absorbed dose is also being 

estimated using Geant4. The results were compared with already published results of 

Siegel & Stabin results [54]. Photon specific energy deposition in the other organs of 

neck, due to 
131

I decay in the thyroid organ, has also been estimated. Dose equivalent 

from radioactive thyroid at surface and at a distance of 1m from neck, has also been 

estimated using experimental measurement and Geant4 code. 

MIRD develops standard methods to estimates average absorbed doses to an 

organ which is the sum of the products of S-Values (mean absorbed dose rate per unit 

activity) and cumulated activity from different source organs. MIRD pamphlets have 

been tabulated the S-values for different kind of radioisotopes based on specific 

geometry of reference men. MIRDOSE3 has been used in nuclear medicine 

community since 1994 for internal radiation dosimetry [11]. Besides normal organs, 

the dose of tumor can also be estimated by nodule module in this software which 

utilizes the absorbed fractions for spheres of different sizes, published in MIRD 

Pamphlets 3 and 8 [52, 175].  

Geant4 simulation code has been used to estimate the S-values for critical 

organs of 
131

I, for various ages. For S-values estimation cylindrical model with 

principal axes at the ratio of 1/1/0.75, using water and ICRP soft tissue as material for 

different organs was considered [52]. Masses of different organs and various ages are 

shown in the table 3.6, using ICRP 53 report [176]. Comparison of Geant4 results for 

S-values for adults were made with MIRD published S-values from pamphlet No.11. 

The same procedure has been adopted for energy deposition per decay for different 

ages and organs, using cylindrical model. 
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Table 3.6 Masses (g) of critical organs of 
131

I for different ages[26] 

Organ 1 Year 5 Years 10 Years 15 Years Adults 

Thyroid 1.78 3.45 7.93 12.4 20 

Kidneys 62.9 116 173 248 310 

Stomach  wall 21.8 49.1 85.1 118 150 

Stomach contents 34.4 71.3 126 185 250 

Bladder wall 7.70 14.5 32.2 35.9 45 

Bladder contents 31.2 61.4 97.3 152 200 

Upper large Intestine contents 27.3 55 92.5 167 220 

Upper large Intestine wall 27.8 55.2 93.4 176 210 

 

Geant4 simulation code has been used to calculate the energy deposition per 

decay and S-Values for beta- and gamma-rays of 
131

I for cylindrical thyroid model of 

various sizes ranging from 1–25 cm
3
, using water as material for thyroid. The 

estimated results were compared with published results of Siegel and Stabin. 

Simulations have also been performed for specific energy deposition per decay for 

other organs of neck such as neck tissue, skin and spinal cord bone, with respect to 

thyroid volume. 

In Geant4 simulations every organ was considered as cylindrical volumetric 

source in which 
131

I is distributed uniformly. Beta particles do not deposit their energy 

in an initial point, but they undergo many Coulomb interactions, so that a small 

portion of their energy, near the surface of organ escapes and is stored out of the 

source volumes. Gamma spectrum of 
131

I has peak energy of 0.365 MeV with 0.853 

emission probability and 0.389 MeV energy per transformation while beta spectra 

have an average energy of 0.183 MeV per transformation. In simulations we 

considered total energy per transformation [159, 173].  

The experimental measurements were carried-out using neck phantom (Biodex 

Medical System, Model: 043-365 Uptake Neck Phantom)[177]. Dose equivalent was 

measured with a portable survey meter (FAG Model FH 40F2) using 100-900 µCi of 

131
I. In this regard dose equivalent was measured at the surface. 0.5 m and at one-

meter distance from the neck. The calibration of the dosimeter and its response as a 

function of energy were assessed in the interval between 34 and 662 keV in the 

Secondary Standard Dosimetry Lab (SSDL), PINSTECH. 
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Similarly, dose equivalent was measured experimentally with portable 

ionization chamber detector, for a group of 20 patients who were treated for 

thyrotoxicos is with 
131

I. The patients considered in this study, were administered 405-

851 MBq activity of 
131

I. So, dose equivalent rate was measured at the surface and at 

one-meter distance from patient neck.  

The simulated set-up consisted of two concentric cylinders; with inner one 

representing the cylindrical thyroid and outer one represent neck of 12.7 cm height 

and 6.35 cm radius as mentioned by Biodex Medical systems [177]. The cylindrical 

detector of standard size (7.62 cm height; 3.81 cm radius) was placed at surface, 0.5 

and 1 m distance from the neck, for estimating results. 

For good statistical results 10
7
histories (Number of particles) were generated 

for each measurement and each measurement was repeated three times. Simulated 

dose rate was calculated using following relation [171]:  

 

          
             

       
 

(3.12) 

where D


is the absorbed dose rate in Gy/hr, E is the deposited energy in Joule 

(J), A is the source activity in Bq, C is the conversion factor (C = 3600),N is the 

number of histories generated, and M is the detector mass in kg. The comparison 

between various parameters is presented as percentage relative difference calculated 

by 

 

                         
        
    

      

(3.13) 

Where Eref is the reference deposited energy and Em corresponds to the 

measured value to be compared. 

3.12 Determination of absorbed dose in organs of Pakistani 

Reference man 

In the present study masses of internal organs for Pakistani anthropomorphic phantom 

has been obtained by multiplying a scaling factor of organ/body, obtained from 

Caucasian reference man, to the body weight, taken from Manzoor A et al. data [31]. 

The reason is that, in Pakistan post mortem and corpse organs study is almost 
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impossible due to the reluctances of family members and some ethical and religious 

groups. Based on these data, an anthropomorphic phantom similar to ORNAL and 

MIRD stylized phantoms has been developed for Pakistani population and 

implemented in Geant4 [149]. The masses of each organ and whole body are 

presented in table 3.7 .Regarding tissue composition, the phantom consist of three 

regions: soft, lungs and bone tissues, having densities 1.04 gcm
-3 

, 0.296 gcm
-3

 and 1.4 

gcm
-3

 respectively [178]. A number of vital organs have been selected as source and 

target regions. The specific absorbed fraction values (SAF) have been estimated for 

both male and female organs for energy range of 10 keV to 4 MeV. In present study 

only gamma photons have been consider, in order to estimate the cross-dose effects. 

Penelope Geant4 physics model has been implemented for electromagnetic 

interactions [150]. For each simulation run one million gamma photons were 

generated and all secondary particles were tracked down to 250 eV energy.  For 

validation of Geant4-based SAF values, the results are compared with MIRD5 

phantom data [24]. 

Table 3.7 Masses of organs for Pakistani Reference man [26] 

Sex Organs Mass (g) 

Male Adrenals 14.5 
 Brain 1233 
 Stomach contents 226 
 Stomach wall 137 
 Kidneys 260 
 Lungs 868 
 Pancreas 82 
 Spleen 159 
 Testes 34 
 Thyroid 18 
 Urinary bladder contents 184 
 Urinary bladder wall 41 
 Whole body 64000 
 Height (cm) 170.6 
   

Female Breasts 326 
 Ovaries 73 
 Uterine wall 10 
 Whole body 52600 
 Height (cm) 157.5 

 

3.13 Voxel dosimetry 

At voxel level there are three main computational approaches, including dose point 

kernel convolution, Monte Carlo simulation and voxel S-values, are used for tackling 
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of non-uniform activity dosimetry. However, among the three, point dose kernel 

method is the most widely used now a days [75]. It may be due to the un-availability 

of voxel S-values for each voxel size compatible with imaging matrix or large 

computational time required for direct Monte Carlo radiation transport. Several 

researchers have published many articles on using of point dose kernel method for 

assessing non-uniform dose distribution at internal radionuclide treatment planning 

systems [34, 35, 43]. It also to be noted that DPKs approach can lead to errors within 

human body regions associated with tissue-bone or tissue-air interfaces. Furthermore, 

the approach does not account for variations in atomic number throughout tissue 

region that may affect the dose distribution delivered by low energy particles. In such 

situations direct MC transport Codes are preferable which consider tissue 

inhomogeneity [32]. With the development of computer technologies and increasing 

computational powers of computers it is now efficient to use direct Monte Carlo 

simulation codes (MCNP, PENELOPE, EGS, Geant4etc) for voxel dosimetry [126, 

179-181]. MIRD schema is also applicable for use of voxel dosimetry and having an 

equivalent approach as that of point dose kernel method [75]. 

 In this study we have utilize Geant4 MC Code for voxel dosimetry. Penelope 

electromagnetic physic s model of Geant4.9.6 version has been applied for all 

simulations [150]. 10
6
 histories were generated for each simulation run   and get 

statistical uncertainty less than 1% for self- irradiated voxels. 

For average absorbed dose estimation of each voxel, the following MIRD schema has 

been applied to the three dimensional source voxels array [32, 182].  

 

                  

 

   

                                   
(3.14) 

 

 
                                          

 

                     
(3.15) 

Where                        the mean is absorbed dose of target         per 

unit cumulative activity distributed in   surrounding source             is the 

cumulative activity in the source voxels;    is the proportionality constant 

(Gy.kg/MBq.hr.MeV);    is the mass of the target (kg) voxel;     is number of 

radiations with energy         emitted per nuclear transition;   is the fraction of 

energy emitted by the source and absorbed in the target voxel. 
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 The energy deposited by primary and secondary particles was scored in 3-D 

array of cubical lattice of 21 x 21 x 21 matrix size, for 3 and 6 mm voxel sizes. In 

order to track the electron down to CSDA range, the matrix size is increases for small 

voxels and has been taken 51 x 51 x 51grid elements.  Each voxel is identified by (i, j, 

k) index in 3D grid, having source voxel (0, 0, 0) at the central position in 3D space. 

Particles are distributed inside source voxel uniformly and isotropically. For 

symmetry reason, the energy deposition in each target voxel in averaged over the 

eight octants of 3D grid. The S-values are presented as a function of normalized 

radius and define as [182] 

 
     

 

 
                 

(3.16) 

 

Where   is the center-to-center distance of each voxel (i, j, k) from origin and 

  is the voxel dimension. 

Voxel S-values have been estimated for 0.01, 0.1, 3 and 6 mm voxel sizes, 

considering cubical geometry of voxels. The absorbed fraction values have been 

determined for water, soft and bone tissues. The absorbed fraction values have been 

estimated explicitly for self-irradiated voxels, for energy range of 1 keV to 2 MeV. S-

values have been determined for mono-energetic electrons and photons for 10, 100 

and 1000 MeV energies. 

3.14 Determination of Dose Point Kernels 

The absorbed dose estimation from internally deposited radioisotopes can be carried 

out by using DPKs of electrons and photons (dose point kernels) which represent 

spatial dose distribution around an isotropic point source. By knowing the DPKs one 

can easily estimate the total absorbed dose from a volumetric source by using 

superposition principle for each point source [42]. In present study DPKs are 

estimated for mono-energetic electrons using Geant4.9.6 MC code [150]. This code 

offers Standard, Penelope and Low energy physics models for same electromagnetic 

process. The DPKs have been estimated for various mono-energetic electron energies. 

The data about DPKs profile have been obtained by considering Penelope, Livermore 

and Standard physics model of Geant4.9.6.  Results of DPKs have been compared 

with Geant4 physics models and also already benchmark MC codes like EGS, MCNP 

and ICRU 72 report. In this study the validity of electron transport in Geant4 has also 

been tested. For this, continuous slowing down approximation (CSDA) ranges of 
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electrons have been compared with standard NIST data [168]. By definition CSDA 

range of any charge particle is the path length traversed by the primary charge particle 

as it slows down to rest. In CSDA methodology, the energy loss by charge particle at 

continuous rate depends on the inelastic collision stopping power [147].  For 

estimating CSDA range in Geant4 the production cut value kept high so that no 

secondary particles are produced. Geant4 track every particle down to zero energy 

[150]. Energy loss fluctuations, angular deflection and secondary particle production 

are not considered for estimating CSDA range in Geant4 [38]. 

Dose point kernels have been estimated for 10 keV, 15 keV, 50 keV, 100 keV, 

1 MeV and 4 MeV mono-energetic electrons in water, lung, bone and air materials. 

For DPK estimation, the energy depositions of electrons were scored in concentric 

thin spherical shells around an isotropic point source, shown in figure 3.4. The 

spherical phantom was embedded in a large unit density homogeneous medium. For 

each electron tracking, the energy was deposited in 24 spherical shells with thickness 

0.05*RCSDA, where RCSDA is the CSDA range of electron in the corresponding 

medium [183].  

 

Figure 3:4 Concentric scoring shells cross-sectional view for an isotropic electron 

point source positioned at the origin of co-ordinate system[183]. 

The thickness of each spherical shell and electron ranges in water medium are 

presented in table 3.9.The values of RCSDA for various materials and energy ranges are 

shown in table 3.10.The trend of the data shows that with the increasing energy the 

range of charge particle are increases as expected from theoretical formalism. 
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Similarly, the range of charge particle is smaller for bone as compare to air material, 

due to its higher value of atomic density. The ranges were also compared with 

ICRU37 report which has been taken from NIST ESTAR data base [162]. 

Table 3.8 Geant4 estimated CSDA ranges of electron along with scoring shells 

thickness [169] 

Energy (keV) RCSDA (g/cm
2
) Scoring shell thickness 

0.05RCSDA (g/cm
2
) 

10 2.530E-04 1.265E-05 

15 5.165E-04 2.582E-05 

25 1.275E-03 6.377E-05 

50 4.333E-03 2.167E-04 

100 1.435E-02 7.175E-04 

200 4.498E-02 2.249E-03 

500 1.768E-01 8.842E-03 

1000 4.371E-01 2.186E-02 

2000 9.766E-01 4.883E-02 

4000 2.024E+00 1.012E-01 

 

Table 3.9 Geant4 estimated CSDA ranges of electron for various materials (Lung 

tissue, Bone tissue and Air) [162, 169] 

    

 

Material (density) 

Energy (keV) Lung-ICRP (1.04 g/cm
3
) Bone-ICRU (1.85 g/cm

3
) Air (1.29 mg/cm

3
) 

CSDA ranges for electrons (g/cm
2
) 

10 2.547E-04 2.777E-04 2.899E-04 

15 5.199E-04 5.645E-04 5.900E-04 

25 1.283E-03 1.387E-03 1.452E-03 

50 4.354E-03 4.685E-03 4.912E-03 

100 1.442E-02 1.546E-02 1.623E-02 

200 4.521E-02 4.833E-02 5.079E-02 

500 1.778E-01 1.898E-01 1.994E-01 

1000 4.402E-01 4.709E-01 4.907E-01 

2000 9.863E-01 1.055E+00 1.084E+00 

4000 2.048E+00 2.184E+00 1.289E+00 

 

The inter-comparison of various physics models of Geant4 with ICRU37 

report is shown in the table 3.11.For Livermore physics model the relative differences 

are varying from 1.34 to -2.02% while the results of Standard model having small 

fluctuations ranging from 0.58 to -0.63%. For Livermore model the range values are 

inside the interval 1.34 to 0.45% at energies smaller than 200 keV. For higher 

energies (E > 200 keV), the results of CSDA range estimated with Livermore model 

are higher than ICRU37 report, suggesting that the main factor contributing to the 
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differences was the theory used for the calculation of inelastic differential cross-

section and stopping power of electrons. It has been observed that the range values 

estimated with Penelope model are smaller as compare to ICRU37 report values. The 

relative differences of Penelope physics model are decease with the increasing energy, 

ranging from -1.54 to -0.32% in the present energy range. However, each Geant4 

model has been shown to produce accurate CSDA range values which agree well 

withreferenceICRU37 report data, not more than 2.02 % for the present energy range. 

Table 3.10 Comparison of Geant4 physics models with ICRU-37 CSDA ranges of 

electron along with percentage relative differences. 

 

CSDA ranges for electrons (g/cm
2
) in Water 

Energy 

(keV) 

Standard 

(S) 

Penelope 

(P) 

Livermore 

(L) ICRU-37 

% Diff of 

L-ICRU37 

% Diff of S-

ICRU37 

% Diff of 

P-ICRU37 

10 2.530E-04 2.476E-04 2.549E-04 2.515E-04 1.34 0.58 -1.54 

15 5.165E-04 5.066E-04 5.208E-04 5.141E-04 1.29 0.46 -1.47 

25 1.275E-03 1.253E-03 1.284E-03 1.272E-03 0.98 0.26 -1.51 

50 4.333E-03 4.266E-03 4.354E-03 4.320E-03 0.79 0.31 -1.24 

100 1.435E-02 1.416E-02 1.441E-02 1.431E-02 0.67 0.27 -1.06 

200 4.498E-02 4.445E-02 4.507E-02 4.487E-02 0.45 0.25 -0.95 

500 1.768E-01 1.750E-01 1.761E-01 1.766E-01 -0.26 0.14 -0.90 

1000 4.371E-01 4.339E-01 4.319E-01 4.376E-01 -1.31 -0.11 -0.85 

2000 9.766E-01 9.740E-01 9.634E-01 9.785E-01 -1.54 -0.20 -0.46 

4000 2.024E+00 2.031E+00 1.996E+00 2.037E+00 -2.02 -0.63 -0.32 

 

From the above estimated CSDA range results, it is concluded that the 

discrepancy in electron CSDA ranges is potentially due to differences in the 

techniques used for sampling of angular deflections and energy losses in each model 

of Geant4. 

As proposed by Cross et al, here all the DPK results are represented by a 

dimensionless quantity depicted on y-axis as shown below [184]: 

 
               

               
 

 
(3.17) 

Where         represent the absorbed dose per electron having initial energy 

E and range RCSDA. The quantity                 shows the fractional energy 

deposition in a thin spherical shell having thickness from            radius to 

                      . With normalize radius, the dimensionless quantity 
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                becomes a slowly varying parameter with energy and it become 

easier and accurate to interpolate the parameter over a wide range of energies. For 

each simulation 10
6
 particles were generated with uncertainty less than 1%. A 

maximum 10 nm step size was used for energy less than 100 keV and 1 µm for energy 

greater than 100 keV. For estimation of DPK, a 100 nm production cuts was used in 

each run for production electrons, positrons and photons. In the present simulation the 

energy deposition is carried out at the end of the step. So, for step crossing the first 

bin, the energy deposition is occurring at the second spherical bin. It means that a 

significant energy is deposited in the second bin that should be deposited in the 

second bin. The extra energy deposition in the second bin is being canceled out by the 

energy released into the third bin. In general the energy deposition in each bin is 

balanced through the same mechanism. In addition, the net influence of this 

mechanism is strongly depends on the electron direction and on the value of 

          . For scaled distances,            , the electrons are away from the 

point source (forward direction) so that the net effect is expected to be large. On the 

other hand for value            , the distribution of electron is random so the 

electron equilibrium is expected in the neighboring bins. 

For validation of Geant4 estimated DPK are compared with already well 

benchmark codes like EGS and MCNP.  In this study DPK are estimated, shown in 

figure4, for 100 and 200 keV in water medium. The relative differences between 

various codes are calculated using the following expression [183].  

                     

                     
        

(3.18) 

Where the quantities            and       are the absorbed dose at distance  

estimated with Geant4 and reference code respectively. The quantity 

                       represents the maximum value of dose estimated with two 

codes. 

3.15 Auger electron Dosimetry 

In the present study we employ Penelope electromagnetic physics model of 

Geant4.9.6 for estimating S-values for various Auger electron emitting isotopes, using 

spherical model for cell [150]. The Auger emitters like 
67

Ga, 
99m

Tc, 
125

I and 
123

I are 
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considered for simulation in unit density liquid water. The influence of heterogeneous 

distribution of Auger electrons has been investigated in detail. The spectrum of Auger 

electron emitters has been taken from AAPM Nuclear Medicine Task Group Report 

No.2 [132], which includes Auger, Coster-Kronig, Super- Coster-Kronig and Internal 

conversion electrons[131]. Due to smaller contribution of photons in S-value 

estimation it is neglected in the present cellular scale [37]. 

The cell model consists of two concentric spheres of unit density water 

representing cell nucleus and cell as a whole. The cell model can be seen in figure. 

Radio-isotopes are distributed uniformly inside cell as a whole (C) or cytoplasm (Cy) 

or cell surface (CS) or nucleus (N). The only target “nucleus” is considered here 

which is generally taken as critical target inside cell. DNA, which, exiting inside the 

nucleus is generally considered the most radiosensitive site [33]. The exact damage to 

DNA double strand depends on the specific location of radio-isotopes. It is therefore, 

more appropriate to say nucleus dosimetry as compare to cellular dosimetry [146, 

185]. 

Initially S-values are estimated for a range of cell sizes (2-3, 3-7, 4-6, 4-5 and 

5-10 µm) and mono-energetic electrons (1 keV to 2 MeV). The first digit in (2-3 µm), 

represent the nucleus size while the second represent the whole cell [38]. The energy 

ranges consider here, in order to account for the dosimetry of Auger electrons and 

beta emitters. S-values estimated for raji cell (7.5±1.35µm) and 4-5µm cell sizes 

[186]. Raji cell is used to model B lymphoma cell while 4-5µm represent model for 

V90 chines hamster cell [187]. The size of raji cell nucleus is 75% as compare to 

whole cell. Comparison of Geant4 estimated S-values has been made with MCNP, 

ETRACK, MC4 codes and MIRD methodology [42, 148]. The dependency of S-

values on emission spectrum of Auger emitters and geometry of the target has been 

discussed in detail [187]. 

3.16 Cellular and Sub-cellular level dosimetry 

The aim of the current study to estimate the energy deposition of mono-energetic low 

energy electrons distributed uniformly inside and at the surface of target of various 

sizes. The size of target with radius ranging from 5-1000 nm is considered in the 

present study, in order to represent the cellular and sub-cellular volumes. The energy 

range (0.1 – 10 keV) consider here, is most relevant to Auger electron emitters. The 
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spatial scale of such low energy electron range corresponds to DNA, chromosomes 

and cell nucleus, which are critical targets inside cell [188]. Calculations have been 

carried out for determination of mean absorbed doses and absorbed fraction by using 

Geant4-DNA physics model for simulation [151]. The results are compared with MC4 

simulation results- a detail history Monte Carlo code which simulates the particles on 

event-by-event basis. For investigation of non-scalable density effects on absorbed 

dose estimation, the Geant4 results are compared with that of MC4 data which are 

obtained in unit density vapor phase [40]. In addition, comparisons have also been 

made with CSDA (Continuous slowing down approximation) results – a deterministic 

methodology employing Cole range-energy semi-analytical expression [33, 147]. This 

approach is has been adopted by MIRD committee for dosimetry at organ, multi-

cellular and cellular level [37, 146].  

3.16.1 Geant4-DNA physics Electromagnetic Model 

All general purpose MC codes [189] like FLUKA, MCNP, EGS and Geant4are 

limited in their applicability to track the particles down-to 1 keV cut-off energy. All 

general purpose MC codes mentioned above are based on condensed-history 

algorithm schemes. These techniques are working well as long as the electron binding 

energies are smaller than the discrete energy-loss events. All inelastic and elastic 

collision events are treated as binary process and considering target electrons are free 

or rest or approximate methods are used to account for binding effects. Therefore, all 

MC codes using condensed-history schemes, have limited applicability due to its 

lower energy threshold (10 – 1keV) for secondary particles production. DNA-Physics 

model having secondary production threshold up to 7.4 eV. In Geant4-DNA physics 

model, all electromagnetic processes are purely discrete, i.e. they simulate all 

interactions following a step-by-step precise tracking without considering any 

condensed history technique. Unlike general purpose MC codes, Geant4-DNA-

physics model has included all physics functionality compatible with micro-dosimetry 

applications [190, 191]. 

The mean absorbed dose is the central important quantity for predicting and 

assessing the efficacy of various radio-therapeutic modalities. Although in 

circumstances like high LET radiation, weighting factor is used to account for relative 

biological effectiveness, the estimation of mean absorbed dose still remains the 

important first step towards risk-benefit analysis. 
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 MIRD schema [48] is the standard approach for absorbed dose estimation of 

internally distributed radionuclides. In this schema the following formula is used for 

mean absorbed dose estimation of a target region    from radioactivity distributed in 

source region    

                        (3.19) 

Where          is the mean absorbed dose to the target region per unit 

cumulative activity distributed in the source region and     is the cumulative activity 

in the source region. 

    is purely a biological factor, depends on the kinetics of radio-

pharmaceutical within the cell or organ. The S-value is a characteristic of type of 

radionuclide, target size and target-source configuration and is define as [14] 

 
                      

 

 
(3.20) 

Where   is the proportionality constant (Gy.kg/MBq.hr.MeV);    is the mass 

of the target (kg);     is number of radiations with energy         emitted per 

nuclear transition;   is the fraction of energy emitted by the source and absorbed in 

the target region. 

In this study 10
6
 histories were generated for each simulation run, so that the 

statistical uncertainties associated with the presented estimated results are below 1%, 

a value lower than the experimental uncertainty. The absorbed fraction and S-values, 

for mono-energetic electrons distributed uniformly within and at the surface of the 

sphere, were estimated. Geant4-DNA physics model has been used for simulation of 

electron tracks, with initial energy ranging from 0.1 – 10 keV in unit density liquid 

water medium. The size of target spheres considered here, having radius ranging from 

5-1000 nm. 
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4 Results and Discussions 

4.1 Benchmarking of Geant4 with NIST and ICRU Data 

4.1.1 Photon and electron cross-section data libraries 

Accuracy of the cross section data is an important element towards the reliability of the 

Monte Carlo codes. XCOM [168] and EPDL97 [167] are the two most reliable and 

thoroughly tested sources of photon cross sections and regarded as a standard for 

radiotherapy applications. XCOM data library is compiled by National Institute of Standards 

and Technology (NIST) for various elements (1 ≤ Z ≤ 100) and energy ranges of 1 keV to 

100 GeV. EPDL97 data library is compiled by Lawrence Livermore National Laboratory for 

energy range down to 1 eV. Similarly, EEDL data library [162] and ICRU 37 report are used 

for extracting electron stopping power, ranges and cross section data. ICRU37 [166] stopping 

power data is also recommended for radiotherapy applications. 

4.1.1.1 Photoelectric effect 

Photoelectric Cross sections data for energy range of 1 keV to 100 MeV is shown in figure 

4.1, using water as a standard reference dosimetric material. Parameterized scheme of Biggs 

and Lighthillis [192] used in the Standard physics model for photoelectric cross section data 

[150]. Data of cross section used in Penelope and Low-energy physics models are extracted 

from cross section data library EPDL89 and EPDL97 respectively [167]. The cross section 

data of the three physics models used in Geant4 are compared in this with XCOM-NIST data 

base. The percentage relative differences of standard model with XCOM data lie within 

5.01% for water. Figure 4.1 shows that excellent agreement (0.9%) was found between X-

section data of XCOM and Livermore and Penelope physics models. The implementation of 

different X-section data source causes this slight discrepancy. 
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Figure 4.1 Comparison of Geant4 photoelectrons cross section data with NIST-XCOM published data for 

water 

4.1.1.2 Photoelectrons Simulation 

Sauther-Gavrila distribution is used in the Standard Physics model [193, 194], for the 

determination of electron spatial and angular distribution. Electron with energy equal to the 

binding energy of most tightly bound shell, are not simulated but only deposited locally. Low 

energy process like Atomic relaxation, fluorescence emission and Auger electron are not 

simulated in the Standard physics model. In Penelope and Low energy physics models atomic 

shells of the photoelectrons are sampled using sub-shells relative cross sections. The binding 

energy of the shell now included in the simulation for the said models. Auger interactions and 

fluorescence emissions (for elements Z > 5) can be included in the simulation depends on the 

user activation. Photoelectric process implemented in Geant4 Penelope model is different 

from the one which is used in actual Penelope Code. In Penelope Monte Carlo Code 

photoelectrons direction is sampled using Sauter Probability distribution [150, 194]. 

4.1.1.3 Compton Scattering 

In Standard physics model Urban parameterized scheme [195] is used for Compton cross 

section. This scheme has accuracy (uncertainty) of 10% between 10 to 20 keV and above 20 
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keV the uncertainty is 5-6%. Like XCOM, EPDL97 is used in low energy physics model 

which computed from Hubbell incoherent scattering function [196, 197] and Klein-Nishina 

formulism [198]. Binding effect of electrons also included in the Hubbell scattering function. 

Figure 4.2 shows the comparison of the Compton cross section data employed in the three 

physics models, with XCOM data. Brusa et al. parameterized model [199] is implemented for 

photon energy below 5 MeV, in Geant4 Penelope model. This model accounts for both 

Doppler broadening and shell binding energy effects. Brusa model uses Klein-Nishina 

formula for photon energy above 5 MeV. The maximum relative differences of standard 

model with XCOM data is 5.15% for water at low energy which is below the uncertainty of 

the data at that energy. A relative difference of (0.98%) was found between X-section data of 

XCOM and Livermore physics models. The reason is that the Compton cross sections for 

both EPDL97 and XCOM are based on the Klein-Nishina formula with the Hubbell 

scattering functions [197]. At low energy unlike XCOM, Penelope cross section is higher due 

to Doppler broadening effect. 

 

 

Figure 4.2 Comparison of Geant4 Compton interaction coefficient with NIST-XCOM data 
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4.1.1.4 Compton electron scattering simulation 

For scatter radiation sampling, Klein-Nishina differential cross section formula is used which 

consider electron at rest and free. In order to include the binding effect in low energy physics 

model, a scattering function was included in the cross section. For sampling of scattering 

angles of photons in Penelope physics model double differential cross section was used. This 

double differential includes both Doppler broadening and binding effects [125]. 

4.1.1.5 Pair production 

For standard physics model parameterized formula is used to compute cross section from 

Hubbell data above 1.5 MeV energy. The uncertainty in parameterization process lies within 

5%. Extrapolation method is used for cross section data between 1.02 and 1.5 MeV energy. 

Hubbell cross section data source is used by XCOM and EPDL97 libraries. Figure 4.3 shows 

the comparison of cross section for gamma conversion in nuclear and electron fields with 

NIST-XCOM data. Livermore and Penelope cross section data exhibit very close agreement 

with the XCOM data for water. A maximum relative difference of (0.04%) was found 

between X-section data of XCOM and Livermore physics models. The same trend for relative 

difference has been observed for Penelope model. The relative differences of standard model 

with XCOM data is 17.85% for water below1.5 MeV energy which may be due to 

extrapolation of data between 1.02 and 1.5 MeV energy. However, the relative difference for 

energy above 1.5 MeV is not more than 5.09% which is comparable to the experimental 

uncertainty specified in the Geant4 Physics Reference Manual. 

4.1.1.6 Final state generation of electron-positron pair 

Bethe Heitler differential cross section sampling method [200] is used for kinetic energies of 

the electron-positron pair. This method has different corrections terms for various effects. 

Even though the Bethe-Heitler formula accounts for both pair and triplet production but none 

of the Geant4 physics models explicitly simulate the recoil electron in triplet production. The 

Low-energy and Standard physics models employ the same algorithm proposed by Urban for 

the generation of the final state of electron. For the Penelope model, the semi-empirical 

model of Baro is used. 

For sampling of electron-positron pair polar angles, the Standard and Low-energy 

physics models use an approximation method, based on the Tsai energy-angle distribution. 
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For Penelope model, the angles are sampled from the leading term of the differential cross 

section proposed by Motz et al. 

 

Figure 4.3 Comparison of Geant4 Pair production interaction coefficients with NIST-XCOM data for 

water 

4.1.2 Comparison of microscopic and macroscopic quantities 

The Geant4 simulations are validated by comparing results of simulations with some 

published data. For this purpose, two types of validation are performed. First the microscopic 

quantities such as total cross section of gamma photons and CSDA ranges of electron in 

water are compared. Then, macroscopic quantities including the simulation outcome such as 

the energy deposited in unit density tissue spheres are compared with published data. 

Microscopic quantities including total cross section of -photons and CSDA ranges of 

electrons are compared with NIST-XCOM data [165], ICRU report 37 respectively, for 

water. Figure 4.4 shows the variation of total cross section of -photons used inGeant4 

simulations, along with percentage error, for energy range of 10 keV to 100 MeV. The 

relative difference of Geant4 and NIST XCOM data remains within 4.2%. Similarly CSDA 

ranges of electrons are compared with ICRU report 37 data for water. Figure 4.5 shows the 

comparison of the two data sets for a range of energies. The percentage differences shown in 

figure 4.5,were up to 1.6% between the two data sets. 
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Figure 4.4 Total cross section of photon interactions in water for the Geant4 STANDARD 

electromagnetic physics model and NIST XCOM (top). Percentage difference b/w the results of Geant4 

and NIST XCOM data(bottom). 

 

 

Figure 4.5 Variation of  CSDA ranges for electrons with energy in water using Geant4 standard 

electromagnetic model and ICRU 37 report (top) Percentage differences in CSDA ranges of electron b/w 

Geant4 and ICRU 37 results(bottom) 
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For validation of Geant4 simulations, we compare the absorbed fraction results with 

Stabin and Konijnenberg data [41], which were estimated for spherically uniform distributed 

electron sources of various sizes (masses in 0.01—1000 g range) in the energy ranges of 0.02 

to 4 MeV respectively. Table4.1 shows the comparison of the two data. It presents the Geant4 

computed absorbed fraction values along with parentage deviations from Stabin and 

Konijnenberg data, for a range of energies and sizes. The relative differences between the two 

datasets are ranging from -0.09 to 6.8% over the entire energy and size ranges considered in 

this work. Similarly, table 4.2 presents the Geant4 computed absorbed fraction values for -

photons along with parentage deviation from Stabin and Konijnenberg data for a range of 

energies and sizes. A maximum difference of 7.36% was found for few cases in 

corresponding values, between the two data sets. It is clear from Table 3 that at low energies 

the differences is relatively more as compared to high energies. 

Table 4.1 Absorbed fractions for electrons (Geant4 simulation) in spheres of various sizes (g) and energies 

(MeV); Comparison of Geant4 results with %difference in brackets from Stabin and Konijnenberg 

results[41]. 

 

 

  

 

Mass (g) 

        

0.1 0.2 0.4 0.7 1 2 4 

0.01 0.958 (-0.5) 0.868 (0.5) 0.643 (-0.2) 0.346 (2.2) 0.205 (4.5) 0.090 (4.8) 0.043 (3.3) 

1 0.991 (-0.1) 0.972 (0.1) 0.921 (0.0) 0.839 (0.8) 0.755 (1.8) 0.505 (6.8) 0.227 (6.8) 

10 0.996 (0.0) 0.986 (-0.1) 0.962 (0.1) 0.925 (0.5) 0.884 (0.8) 0.750 (1.9) 0.506 (4.4) 

20 0.996 (-0.1) 0.989 (0.0) 0.971 (0.2) 0.939 (0.4) 0.907 (0.6) 0.800 (1.5) 0.592 (3.0) 

40 0.997 (0.0) 0.991 (0.0) 0.977 (0.2) 0.953 (0.4) 0.925 (0.5) 0.839 (1.6) 0.666 (2.0) 

60 0.997 (0.0) 0.992 (0.0) 0.980 (0.2) 0.957 (0.1) 0.935 (0.4) 0.857 (1.2) 0.705 (2.1) 

100 0.998 (0.0) 0.993 (0.0) 0.982 (0.0) 0.964 (0.2) 0.945 (0.5) 0.879 (0.9) 0.748 (1.5) 

500 0.999 (0.1) 0.996 (0.0) 0.989 (0.1) 0.978 (0.2) 0.967 (0.3) 0.928 (0.5) 0.846 (0.9) 

1000 0.999 (0.0) 0.997 (0.1) 0.991 (0.0) 0.982 (0.2) 0.973 (0.2) 0.941 (0.4) 0.875 (0.7) 
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Table 4.2 Absorbed fractions for photons in spheres of various sizes (g) and energies (MeV); Comparison 

of Geant4 results with %difference in brackets from Stabin and Konijnenberg results[41]. 

 

Mass (g) 

        

0.080 0.100 0.140 0.364 0.662 1.460 2.750 

2 0.016 (2.57) 0.016  (7.36) 0.016  (3.08) 0.019(-1.41) 0.018(-0.09) 0.013 (5.09) 0.007 (-2.34) 

4 0.021 (5.64) 0.021 (2.56) 0.021 (0.33) 0.024 (2.82) 0.023 (3.89) 0.017(-1.20) 0.010 (-2.00) 

6 0.024 (6.47) 0.023 (2.15) 0.024  (0.86) 0.027 (1.68) 0.026 (1.34) 0.020 (1.98) 0.012 (0.31) 

8 0.027 (4.79) 0.026 (4.50) 0.027 (2.65) 0.030 (4.60) 0.030 (6.73) 0.023 (5.34) 0.014 (-1.21) 

10 0.030 (5.38) 0.028 (4.75) 0.029 (3.14) 0.033 (2.46) 0.032 (3.93) 0.025 (3.38) 0.015 (-3.33) 

20 0.038 (3.67) 0.036 (4.00) 0.037 (2.91) 0.041 (3.14) 0.041 (3.88) 0.032 (3.24) 0.022 (2.42) 

40 0.050 (5.96) 0.047 (4.16) 0.047 (3.11) 0.052 (2.04) 0.051 (4.52) 0.042 (3.88) 0.029 (3.76) 

60 0.058 (6.32) 0.055 (5.78) 0.055 (3.62) 0.060 (3.49) 0.059 (5.72) 0.047 (2.37) 0.034 (-0.98) 

100 0.072 (6.82) 0.067 (5.38) 0.066 (4.43) 0.071 (3.17) 0.069 (2.82) 0.057 (2.89) 0.041 (-0.07) 

500 0.134 (1.89) 0.124 (2.79) 0.119 (0.70) 0.122 (1.16) 0.118 (2.86) 0.096 (0.33) 0.074 (-2.10) 

1000 0.176 (2.45) 0.162 (2.54) 0.153 (1.61) 0.153 (1.39) 0.148 (2.67) 0.123 (2.62) 0.095 (-0.92) 

 

The observed discrepancy may be due to differences in the basic physics data sets 

used by Stabin and the one used in Geant4 toolkit. The other minor variance can possibly be 

due to difference in material used in two simulations. The water and tissue-equivalent 

materials used by Stabin and Konijnenberg [41] have the same atomic densities but different 

atomic compositions. It has been shown by Ellen & Humes [55] that for photon energies less 

than 100 keV the absorbed fraction is increasingly sensitive to atomic composition. In these 

simulations, the observed differences are more at low energies as compare to high energies. 

For electrons, no significant difference was found for the entire energy range employed here. 
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4.2 Geant4 based absorbed fraction of electrons and  -photons 

using various geometrical models and biological tissues 

4.2.1 Absorbed fraction for gamma photons and electrons 

The absorbed fraction values for  -photons and electrons for various energies, geometrical 

models and tissue composition are shown in the figure 4.6, 4.7 and 4.8 for -rays and in tables 

4.3, 4.4 and 4.5 for electrons. The absorbed fraction values for electrons have much higher 

values than  -photons for same target and energy. The reason is the direct Columbic 

interaction of electrons with atomic nuclei and electrons. The bremsstrahlung radiation 

leakage reduces the absorbed fraction value slightly, depends upon the energy of the 

electrons. Penetrating -radiations interact indirectly thereby increasing their chance to escape 

from target, resulting in a small value of absorbed fraction. 

 

Figure 4.6 Absorbed fraction in Cylindrical targets for various photon energies, using ICRP Soft tissue, 

ICRP lung tissue, ICRP brain tissue and ICRU bone as a material 
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Figure 4.7 Absorbed fraction in Ellipsoidal targets for various photon energies, using ICRP Soft tissue, 

ICRP lung tissue, ICRP brain tissue and ICRU bone as a material 

  



Chapter 4 

72 

 

 

 

Figure 4.8 Absorbed fraction in Spherical targets for various photon energies, using ICRP Soft tissue, 

ICRP lung tissue, ICRP brain tissue and ICRU bone as a material 
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Table 4.3 Variation of absorbed fraction values with target volume in Cylindrical targets for various electron energies, using Water (W), ICRP Soft tissue (ST), 

ICRP lung tissue (LT), ICRP brain tissue (BT) and ICRU bone (BO) as a material 

Volume 

(cm
3
) 

 Absorbed Fraction Value 

 0.1 MeV  1 MeV  2 MeV  4 MeV 

 W ST LT BT BO  W ST LT BT BO  W ST LT BT BO  W ST LT BT BO 

1  0.989 0.989 0.989 0.989 0.994  0.706 0.719 0.714 0.716 0.823  0.451 0.462 0.462 0.461 0.635  0.209 0.218 0.216 0.213 0.379 

4  0.993 0.993 0.993 0.993 0.996  0.810 0.816 0.814 0.816 0.886  0.617 0.628 0.630 0.629 0.759  0.343 0.356 0.354 0.354 0.551 

10  0.994 0.995 0.995 0.995 0.997  0.856 0.861 0.860 0.862 0.913  0.706 0.717 0.715 0.717 0.817  0.449 0.466 0.464 0.464 0.649 

20  0.996 0.996 0.996 0.996 0.998  0.885 0.889 0.889 0.889 0.931  0.760 0.768 0.786 0.769 0.853  0.536 0.550 0.546 0.549 0.712 

40  0.996 0.997 0.997 0.997 0.998  0.906 0.910 0.910 0.909 0.944  0.806 0.810 0.811 0.810 0.881  0.612 0.626 0.623 0.625 0.762 

100  0.997 0.998 0.998 0.998 0.999  0.931 0.933 0.933 0.933 0.958  0.853 0.860 0.858 0.858 0.910  0.704 0.712 0.709 0.711 0.818 

500  0.998 0.998 0.998 0.998 0.999  0.958 0.960 0.959 0.960 0.975  0.909 0.914 0.913 0.913 0.946  0.813 0.821 0.819 0.818 0.887 

1000  0.999 0.999 0.999 0.999 0.999  0.966 0.967 0.966 0.967 0.979  0.982 0.929 0.929 0.930 0.955  0.849 0.852 0.853 0.852 0.906 

10000  0.999 0.999 0.999 0.999 1.000  0.983 0.984 0.984 0.983 0.990  0.963 0.965 0.965 0.965 0.977  0.923 0.922 0.926 0.926 0.953 

50000  1.000 1.000 1.000 1.000 1.000  0.990 0.990 0.990 0.990 0.994  0.977 0.979 0.979 0.978 0.987  0.953 0.955 0.954 0.954 0.971 

100000  1.000 1.000 1.000 1.000 1.000  0.991 0.992 0.992 0.992 0.995  0.982 0.983 0.983 0.983 0.989  0.962 0.963 0.962 0.963 0.977 
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Table 4.4 Variation of absorbed fraction values with target volume in Ellipsoidal targets for various electron energies, using Water (W), ICRP Soft tissue (ST), 

ICRP Lung tissue (LT), ICRP brain tissue (BT) and ICRU bone (BO) as a material 

Volume 

(cm
3
) 

 Absorbed Fraction Value 

 0.1 MeV  1 MeV  2 MeV  4 MeV 

 W ST LT BT BO  W ST LT BT BO  W ST LT BT BO  W ST LT BT BO 

1  0.990 0.991 0.991 0.990 0.995  0.737 0.746 0.745 0.745 0.845  0.483 0.498 0.495 0.493 0.670  0.219 0.230 0.228 0.229 0.409 

4  0.993 0.994 0.994 0.994 0.996  0.831 0.839 0.837 0.837 0.899  0.648 0.663 0.658 0.657 0.786  0.361 0.375 0.375 0.374 0.582 

10  0.995 0.996 0.995 0.995 0.997  0.875 0.879 0.877 0.878 0.926  0.734 0.742 0.744 0.743 0.840  0.482 0.494 0.491 0.492 0.677 

20  0.996 0.996 0.996 0.996 0.998  0.899 0.904 0.903 0.902 0.490  0.786 0.792 0.792 0.793 0.871  0.567 0.581 0.580 0.580 0.738 

40  0.997 0.997 0.997 0.997 0.998  0.918 0.923 0.922 0.923 0.952  0.828 0.834 0.832 0.834 0.895  0.643 0.656 0.658 0.656 0.787 

100  0.998 0.998 0.998 0.998 0.999  0.940 0.943 0.943 0.943 0.964  0.871 0.875 0.875 0.874 0.921  0.732 0.740 0.737 0.740 0.839 

500  0.998 0.999 0.999 0.999 0.999  0.964 0.966 0.965 0.966 0.978  0.921 0.925 0.925 0.924 0.950  0.835 0.841 0.840 0.839 0.900 

1000  0.999 0.999 0.999 0.999 0.999  0.971 0.973 0.972 0.971 0.982  0.937 0.939 0.939 0938 0.961  0.866 0.872 0.869 0.871 0.918 

6000  0.999 0.999 0.999 0.999 1.000  0.983 0.984 0.984 0.984 0.990  0.963 0.965 0.965 0.964 0.977  0.922 0.926 0.923 0.924 0.951 
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Table 4.5 Variation of absorbed fraction values with target volume in Spherical targets for various electron energies, using Water (W), ICRP Soft tissue (ST), ICRP 

lung tissue (LT), ICRP brain tissue (BT) and ICRU bone (BO) as a material 

Volume 

(cm
3
) 

 Absorbed Fraction Value 

 0.1 MeV  1 MeV  2 MeV  4 MeV 

 W ST LT BT BO  W ST LT BT BO  W ST LT BT BO  W ST LT BT BO 

0.01  0.958 0.96 0.959 0.960 0.977  0.205 0.215 0.213 0.215 0.401  0.090 0.094 0.094 0.094 0.163  0.043 0.045 0.045 0.045 0.077 

0.1  0.981 0.982 0.981 0.982 0.989  0.509 0.526 0.524 0.522 0.701  0.225 0.235 0.234 0.234 0.414  0.101 0.105 0.105 0.104 0.187 

1  0.991 0.991 0.991 0.992 0.995  0.755 0.764 0.763 0.761 0.854  0.505 0.520 0.519 0.518 0.692  0.227 0.238 0.236 0.236 0.428 

4  0.994 0.995 0.994 0.994 0.997  0.843 0.849 0.849 0.849 0.906  0.669 0.681 0.680 0.680 0.799  0.380 0.395 0.394 0.393 0.605 

10  0.996 0.996 0.996 0.996 0.997  0.884 0.888 0.888 0.887 0.931  0.750 0.762 0.759 0.760 0.851  0.506 0.520 0.516 0.518 0.699 

20  0.996 0.997 0.996 0.997 0.998  0.907 0.911 0.909 0.909 0.945  0.800 0.806 0.805 0.806 0.879  0.592 0.604 0.605 0.607 0.754 

40  0.997 0.997 0.997 0.997 0.999  0.925 0.928 0.928 0.928 0.955  0.839 0.845 0.845 0.844 0.903  0.666 0.680 0.677 0.678 0.801 

100  0.998 0.998 0.998 0.998 0.999  0.945 0.947 0.945 0.946 0.996  0.879 0.884 0.882 0.883 0.927  0.748 0.758 0.756 0.756 0.848 

500  0.999 0.999 0.999 0.999 0.999  0.967 0.968 0.967 0.968 0.979  0.928 0.930 0.929 0.930 0.955  0.846 0.852 0.850 0.850 0.906 

1000  0.999 0.999 0.999 0.999 0.999  0.973 0.974 0.973 0.974 0.983  0.941 0.943 0.943 0.942 0.964  0.875 0.879 0.879 0.880 0.924 

6000  0.999 0.999 0.999 0.999 1.000  0.984 0.985 0.985 0.985 0.990  0.966 0.967 0.967 0.967 0.978  0.927 0.930 0.929 0.929 0.955 
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We generalize the relation between absorbed fraction for electron and target 

volume V, which gives the following logistic equation fit. Fitting parameters have 

been analyzed further for Spherical, ellipsoidal and cylindrical models. Fitting 

parameters for all models are shown in the Table 4.6. The parameters    and    

represent range of values of fit respectively, which depend on the corresponding 

volume ranges of target. The parameter    is the mid-value of fit. The most sensitive 

value is the exponent P of the fit function, which defines how quickly, absorbed 

fraction value increases as the volume of the target increases for a given energy. The 

fitted P values 0.39, 0.33 and 0.32 are obtained for Spherical, Ellipsoidal and 

Cylindrical models respectively. The four parameters which are taken here depend on 

energy of electron. 

 

             
 

  
 
 

 
  

    

(4.1) 

 

Table 4.6 Fitting parameters for 1 MeV electron for various geometrical models using logistic 

model 

Model Parameter R
2
 

A1 A2 Vo P 

Spherical -0.4673±0.032 0.9925±9.2E-4 0.0140±0.002 0.3910±0.005 0.999 

Ellipsoidal -34.1730±168.920 0.9984±0.001 2.85E-7±4.326E-6 0.3273±0.009 0.999 

Cylindrical -5.5681±4.224 0.9995±5.72E-4 5.89E-5±1.34E-4 0.3194±0.006 0.999 

 

Table 4.7 Fitting parameters for various geometrical models employing Belehradek model 

fit[201], for 1 MeV γ-photon. 

Model Parameter R
2
 

a b c 

Spherical 0.0164±1.68E-4 0.0443±0.031 0.3259±0.001 0.999 

Ellipsoidal 0.0162±2.284E-4 1±0.238 0.3220±0.002 0.999 

Cylindrical 0.0210±0.001 0.8987±0.305 0.2815±0.004 0.997 
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Similar generalization has also been carried out for -photon absorbed fraction 

values and target volume V, which gives the following Belehradek equation fit [201]. 

The fitting parameters were analyzed further for Spherical, ellipsoidal and cylindrical 

models. Fitting parameters and R
2
-values which show goodness of fit for all models, 

are shown in the Table 4.7. Where   is the coefficient of power function,   is position 

parameter and   is the slope of     and       plot. The position parameter varies 

depending on the range of target volume selected for these models. The parameter   

is the power of the fit, has a higher value for spherical model as compare to other two 

models. 

           (4.2) 

 

4.2.2 Variation of absorbed fraction with volume for identical 

geometrical model 

The variations in absorbed fraction values for various sizes of cylindrical, elliptical 

and spherical models are shown in the figure 4.6, 4.7 and 4.8 respectively, for a range 

of photon energies and tissues. It can be seen that the absorbed fraction has higher 

values at low energies because of the large photoelectric absorption cross section 

values. Consequently, in low energy range, more energy is deposited even for small 

sizes shapes. The absorbed fraction values are not sensitive for energy range of 0.1 to 

1 MeV. Although, there is a slight increasing tendency in absorbed fraction values in 

this energy range, which may be due to the increasing trend in Compton scattering 

probability. However, in this energy range, the increased transmission of high energy 

-photons is largely compensated by the increased energy transfer from first collision 

Compton events and it is more prominent for small volumes.  

 For targets with small volumes, the large value of surface-to-volume ratio 

entails higher leakage, thereby reducing the value of absorbed fraction. For large 

targets, the increase in absorbed fraction is due to multiple Compton events and less 

transmission of high energy -photons and electrons, due to small surface-to-volume 

ratio. The increasing pattern in absorbed fraction values with energy is identical for all 

geometrical models. 
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4.2.3 Absorbed fraction for various geometrical models of same size 

The variation of absorbed fraction values for three different geometrical 

models having 6x10
-3

m
3
size is shown in the figure 4.9. For spherical model, the 

absorbed fraction values are 4.9% and 10.1% higher than ellipsoidal and cylindrical, 

models respectively for the entire energy range. The relative differences among the 

absorbed fraction values of ellipsoidal and cylindrical models are not more than 

5.8%.The absorbed fraction values increase with volume, because of the increasing 

volume-to-surface ratio for each type of model. The increasing volume causes a 

reduction in escaping radiation from the target, thereby increasing the absorbed 

energy value (absorbed radiation dose) in the target volume. However, the slight 

difference in the absorbed fraction value, for cylindrical model, is due to the small 

value of volume-to-surface ratio, which results in higher radiation escape rates from 

cylindrical model as compared to elliptical and spherical models. 

 

Figure 4.9 Absorbed fraction for 6 kg target for uniformly distributed Spherical, Ellipsoidal and 

Cylindrical geometrical models using Geant4 simulation. 

4.2.4 Absorbed fraction for different tissue compositions and 

materials 

Tables 4.3, 4.4 and 4.5 for electrons and figure 4.6, 4.7 and 4.8 for  -photons, 

present the absorbed fraction values for different tissue composition. For electron the 

absorbed fraction values are nearly independent from the tissue composition of 

material but depend on the atomic densities of materials. The absorbed fraction values 
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for ICRU bone tissue are higher as expected due to corresponding higher values of 

atomic density. A maximum relative difference in absorbed fraction values between 

ICRU bone and ICRP brain tissue is 17% for low energy and 46% for high energy 

respectively, for all target size and shapes. The absorbed fraction values for electrons 

are nearly independent from geometrical models of same tissue composition. The 

difference in absorbed fraction values for ICRP soft tissue and water is below 1% for 

low energy and 4% for high energy respectively. The composition of soft tissue and 

water is different but the absorbed fraction values are not sensitive to material 

composition at low energy. 

For  -photons, the absorbed fraction values are dependent on material 

composition even for the same material density. A high value of density of material 

results in higher photon interaction probability, leading to a high value of absorbed 

fraction. The atomic densities of ICRP lung, brain and soft tissues are nearly the 

same.  Consequently, no appreciable differences in absorbed fraction values have 

been found, for the entire range of energies and sizes. However, there is some 

difference among the results of water with ICRP lung tissues which is 9% below 100 

keV and 5% above 100 keV. The relative difference in absorbed fraction of ICRU 

bone with the rest of tissues is 85%. This may be attributed to highervalues of atomic 

number and density of bone material. 

 The absorbed fraction values computed using various low energy physics 

models available in Geant4have been compared with that of Standard physics model 

for different secondary cut values. Table4.8 shows good agreement between the three 

models for deposition of 20 keV energy photons.  It is clear from the Table that the 

Standard model predicts energy deposition which is up-to 6.04% and 6.49% less than 

the Livermore and Penelope models respectively, for all sphere sizes and range cut 

values considered in this study. This behavior can be explained by the differences in 

the total photon cross-sections employed in these Geant4models. These observations 

are in good qualitative agreement with earlier findings. 

 The Absorbed fraction values have been computed using Geant4, for various 

sphere sizes and physics models using different cut values. Table 4.8 shows that, by 

changing cut values, a maximum absolute change of 1.18% in the absorbed fraction 
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values has been observed. In this study, a range cut value of 1 mm appears reasonable 

for the absorbed fraction calculations for various values of target sizes consider here.  

Table 4.8 Comparison of the absorbed fraction values for 20 keV γ-photons for Spherical 

geometry employing the Standard, Penelope and Livermore Geant4 physics models for indicated 

secondary cut values. 

 Absorbed Fraction 

Mass (g) Standard Penelope Livermore 

Cut=1 mm 

0.01 0.0515 0.0540 0.0544 

0.1 0.1087 0.1141 0.1140 

1 0.2183 0.2299 0.2300 

Cut=0.1 mm 

0.01 0.0514 0.0539 0.0545 

0.1 0.1085 0.1141 0.1141 

1 0.2179 0.2294 0.2300 

Cut=0.01 mm 

0.01 0.0512 0.0544 0.0538 

0.1 0.1079 0.1149 0.1137 

1 0.2175 0.2304 0.2293 

 

4.3 Influence of thyroid volume reduction on absorbed 

dose in 
131

I therapy studied by using Geant4 Monte 

Carlo simulation 

Geant4 simulations have been carried out for various thyroid geometries and 

estimated results are compared with the already published data. Figure 4.10 (at the 

bottom) shows the variation of the total energy deposition per decay of 
131

I for both 

beta and gamma rays with the volume of thyroid, for various geometries.  
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Figure 4.10  Comparison of total energy deposition per decay for various geometries 

approximating thyroid in Geant4 studies with the corresponding results obtained with MCNP for 

various values of thyroid volume, shown at the bottom of figure and percentage error of 

 

The relative differences (                      against specified 

reference in each case, among various thyroid models considered in this study and 

results of Mowlavi et al., [12] are given at the top of  figure 4.10 .  

In this study, besides volume     variation of thyroid, variety of materials 

have also been considered  and variation of the total energy deposition per decay     

for Water, ICRP and ICRU soft tissues are estimated, the corresponding results are 

shown in figure 4.11. The relative differences of water with ICRP & ICRU soft 

tissues and between ICRP & ICRU soft tissues are shown in the figure 4.11 (top of 

figure).  
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Figure 4.11 Variation of total energy deposition per decay for Water, ICRP and ICRU  soft 

tissues with the thyroid volume (Shown at the bottom) and percentage error of the Geant4 results 

for different tissues indicated composition (Shown at the top). 

 The variation of energy deposition per decay per gram     with thyroid 

volume     for ellipsoidal geometry of thyroid is depicted in figure 4.12.  

 

 

Figure 4.12 Variation of specific energy deposition per decay, with volume of thyroid. 
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The activity-to-dose-rate conversion factor   has also been calculated. Figure 

4.13 shows the dependence of   with thyroid volume. 

 

Figure 4.13 Comparison of Geant4 computed values of  K (mGy.g.MBq-1.s-1) with the 

corresponding MCNP based data [12] for various  values of thyroid volume. 

The Geant4 estimated results of S-values for various thyroid geometries are 

given in table 4.9. Comparison has been made for each model with published results.  

Comparison of the Geant4 based S-values (given in Table 4.10 and 4.11) for 

newborn, 1 year, 5 years, female and male with the corresponding MCNP [85], ICRP 

and ORNL data [202]. 

Table 4.9 Comparison of the S-values calculated using Geant4 (this work) with published data 

for various values age of individual. 

Age 

S-values (Sv.Bq-1s-1) Ratios 

This work (Geant4) 

Ulanovsky et al  

(MCNP)[85] ICRP[203] Geant4/ MCNP Geant4/ICRP 

Newborn 2.55E-11 2.26E-11 2.44E-11 1.13 1.05 

1 year old 1.91E-11 1.64E-11 1.78E-11 1.17 1.07 

5 year old 9.96E-12 8.67E-12 9.28E-12 1.15 1.07 
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Table 4.10 S-values for different thyroid models & sizes and comparison with Siegel and Stabin results 

S-values (Rad/µCi-hr) 

MASS 

(g) Ellipsoid 

Siegel and 

Stabin 

% Relative diff of  

Ellipsoid  with  

Siegel and Stabin Sphere 

% Relative diff  

of  Sphere  with    

Siegel and Stabin Cylinder 

% Relative diff of  

Cylinder with   

Siegel and Stabin 

1 0.389 0.390 0.308 0.390 -0.077 0.386 1.026 

2 0.197 0.200 1.400 0.198 1.000 0.196 2.000 

4 0.100 0.100 -0.100 0.101 -0.500 0.100 0.400 

6 0.067 0.069 2.319 0.068 2.029 0.067 3.043 

8 0.051 0.052 2.115 0.051 1.731 0.051 2.692 

10 0.041 0.042 2.619 0.041 2.143 0.041 3.095 

20 0.021 0.021 0.952 0.021 0.000 0.021 1.429 

 

 
Table 4.11 Gender based comparison of the calculated S-values using Geant4 (this work) with the published data. 

Gender 

S-values (Sv.Bq-1s-1) Ratios 

Geant4 

ICRP voxel 

phantoms 

UF Hybrid 

phantoms 

ORNL 

stylized 

phantoms[202] Geant4 / ICRP  Geant4 / UF  Geant4/O RNL  

Female 2.01E-12 1.90E-12 1.90E-12 1.90E-12 1.06 1.06 1.06 

Male 1.56E-12 1.60E-12 1.70E-12 1.60E-12 0.98 0.92 0.98 

*Where Abbreviation E stands for power of 10 
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Table 4.12 Absorbed fraction for beta particles for different thyroid models & sizes and comparison with Siegel and Stabin[54] results 

Mass 

(g) 

Siegel and Stabin  Geant4 Ellipsoid 

 

Geant4 

Ellipsoid/ Siegel and Stabin 

Geant4 

Sphere 

 

Geant4 

Sphere/ Siegel and Stabin 

Geant4 

Cylinder 

 

Geant4 

Cylinder/ Siegel and Stabin 

 

1 0.950 0.968 1.019 0.970 1.021 0.962 1.013 

2 0.960 0.974 1.015 0.976 1.017 0.969 1.009 

4 0.970 0.980 1.010 0.982 1.012 0.976 1.006 

6 0.980 0.982 1.002 0.984 1.004 0.978 0.998 

8 0.980 0.984 1.004 0.985 1.005 0.981 1.001 

10 0.980 0.985 1.005 0.987 1.007 0.982 1.002 

20 0.980 0.988 1.008 0.989 1.009 0.986 1.006 

 

Table 4.13  Absorbed fraction for gammas using Geant4 Sphere and comparison with MIRD8, EGS4 and MCNP Codes[41] 

Mass 

(g) 
This work 

(Geant4,sphere) MIRD8 EGS4 MCNP MCNP/Geant4 EGS4/Geant4 Geant4/MIRD8 
1 0.014 0.011 0.015 0.015 1.047 1.047 1.303 
2 0.018 0.014 0.019 0.018 0.981 1.035 1.311 
4 0.023 0.018 0.024 0.023 0.991 1.034 1.290 
6 0.027 0.020 0.027 0.026 0.975 1.012 1.334 
8 0.029 0.023 0.030 0.029 0.984 1.018 1.281 
10 0.031 0.025 0.032 0.032 1.016 1.016 1.260 
20 0.040 0.031 0.041 0.040 0.999 1.024 1.292 
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Absorbed fraction values for  -particles of 
131

I, have also been estimated for 

various thyroid models and varying volumes, shown in table 4.12. Geant4 based 

absorbed fraction results are compared with the already published results of Siegel 

and Stabin.  

Similarly Geant4 estimated results of absorbed fraction for I-131  -rays, for 

spherical thyroid model are shown in table 4.13. Comparison of Geant4 results are 

made with MIRD Pamphlet 8 (MIRD8), EGS4 and MCNP published results [41]. 

The total energy deposition per decay increases with volume, because of the 

increasing volume-to-surface ratio for each type of model employed. The increase in 

volume of thyroid causes the fraction of radiations escaping from the thyroid to 

decrease, thereby increasing the absorbed energy of radiations. However, the slight 

difference in the total energy deposition per decay, for cylindrical model, is due to 

small value of volume-to-surface ratio, which results in higher escape rates from 

cylindrical model as compared to elliptical and spherical models. The Geant4 results 

show a good agreement with already published results. At smaller thyroid sizes the 

discrepancy between the Geant4 ellipsoid energy absorbed per decay and the 

reference results is large but as the size increases the difference become smaller.  

The maximum relative differences in results of various thyroid models 

considered in this study and results of Mowlavi et al. [21] are up to 1.870%.  The 

differences in the basic physics data sets used in MCNP and Geant4 simulation codes 

as well as different treatment of radiation transport (especially of  -radiations) may 

contribute towards the observed discrepancies. 

 The energy deposition per decay for various models of thyroid is estimated, 

which can easily be converted into absorbed dose, knowing the mass and the 

radioactivity in thyroid. From the relative differences it is clear that treating volume- 

and/or mass- of thyroid constant results in an underestimation of the organ dose. 

Therefore, accurate assessment of thyroid volume is essential for exact therapeutic 

dose calculations for efficient treatment of the patients treated with 
131

I.  

The comparison of dosimetric properties of water with different tissue 

compositions is useful for validating its use in radiation dosimetry. The maximum 

relative difference among the Geant4 estimated results for water with ICRP and ICRU 
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soft tissues is 0.107% and 0.225% respectively while between ICRP and ICRU soft 

tissues this maximum difference is 0.157 %. In either case the maximum difference in 

not greater than 0.225 %. The water, ICRP & ICRU soft tissue materials have same 

atomic densities but different atomic compositions. It has been shown by Ellen & 

Humes [204] that for photon with energy values less than 100 keV the absorbed 

fraction is increasingly sensitive to atomic composition. On the basis of relative 

differences among the three materials, it is suggested that water can be used as 

phantom material in place of ICRP and ICRU tissues, for dosimetric purposes. The 

Geant4 computed variation of total energy deposition per decay     with volume of 

thyroid     for water, follows parametric power fit: 

            (4.3) 

 

Where parameters     having values                and           

     respectively, with          

 The variation of energy deposition per decay per gram     with thyroid 

volume    for ellipsoidal geometry of thyroid is depicted in figure 4.12.With the 

increase in thyroid volume, the value of    decreases following the Parametric 

Rational Fit: 

   
 

     
     (4.4) 

 

 Where,     are fitting parameters with values             and       

      respectively,with        . The therapist must accurately determine the 

volume of thyroid so that the precise amount of 
131

I must be administered to the 

patient for a prescribed dose to thyroid, as recommended for the specific protocol. 

In literature, such as MIRDOSE code, the activity-to-dose-rate conversion 

factor,   has a value of 0.0313 (mGy g MBq
-1

 s
-1

) [67], calculated by MC method for 

gamma rays with the assumption that beta particle deposit their full energy within 

thyroid (spherical geometry with fixed mass of 10 g). It can be seen in the figure 4.13 

that   has a significant difference with typical considered constant value, the 

difference varies from -6.741% to 0.703% for volume variation of 1 to 25 cm
3
. For a 
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10 g thyroid lobe, our calculation shows a difference of nearly 1.8% with MIRDOSE3 

value of  . In Figure 4.13, an excellent agreement of Geant4 ellipsoidal results with 

published data, using MCNP simulation code, is evident. The Geant4 results differ in 

the range of -0.881 to 1.778% from corresponding result of MCNP for the volume 

variation of 1 to 25 cm
3
. From results it can be seen that there is some difference in 

MIRD & Geant4 results. The reason for the difference is mainly due to following 

factors: First factor is the spectrum used in this simulation; Second factor is due to 

detailed consideration of beta & gamma transport in and out of thyroid and may also 

be due to differences in interaction probability database used in the two simulation 

codes. The activity-to-dose-rate conversion factor   has the following fitted 

dependence on thyroid volume   : 

           (4.5) 

Where parameters     having values                 and        

          respectively, with         . 

The Geant4 based estimated S-values for spherical, ellipsoidal and cylindrical 

thyroid geometries are presented here for comparison with each other and already 

published results. Siegel & Stabin evaluated S-values and absorbed fractions for 

electron and  -sources uniformly distributed within spheres of various sizes using the 

methodology developed earlier. The maximum relative difference of ellipsoidal, 

spherical and cylindrical geometries with Siegel & Stabin results were 2.619, 2.143 

and 3.095% respectively. The observed difference may be attributed to the differences 

in interaction probability databases used in the Berger’s method and in Geant4 

Standard physics model. Other contributing factor may be the lack of scattering of 

radiations from the surrounding tissue in the study performed Siegel and Stabin. The 

Geant4 model used in this work takes into account all such scatterings. Moreover, the 

Geant4 model performs simulations using the full  - and  -transport in our 

calculation. Comparison of  the Geant4 based  S-values (given in Table 4.10 and 4.11)  

for Newborn, 1 year, 5 years, female and male show an excellent agreement with the 

corresponding MCNP, ICRP and ORNL data.  

Absorbed fraction is an important dosimetric quantity used in radiation 

oncology etc. In any dosimetric analysis the first term to be evaluated is the absorbed 

fraction, depending on the radionuclide characteristic, shape, size and location of 
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target volume. In this study the absorbed fraction values for  -particles of 
131

I, have 

been estimated for various thyroid models. The results are compared with data 

published by Siegel & Stabin. The maximum relative difference of ellipsoidal, 

spherical and cylindrical geometries with Siegel & Stabin results are 1.860, 2.105 and 

1.263% respectively.  Also it is observed that with the increase of size of thyroid the 

relative difference reduces. For smaller organ size  -particles range is large, relative 

to the organ dimension, therefore, an appreciable amount of energy escapes beyond 

the organ boundaries. In the traditional models, the absorbed fraction for  -particles is 

assumed to be unity for the source organ and zero elsewhere. This may be reasonable 

for most situations and even for relatively small organs like thyroid because the range 

of most  -particles in body tissues is small compared to the size of most source 

regions. However, in this study we consider thyroid as volumetric source, the 

absorbed fraction is not unity for larger thyroid sizes because some of the  -particles 

escape from nearby surfaces consequently decreasing the absorbed fraction. 

Similarly absorbed fraction values for 
131

I  -rays have also been estimated 

using spherical thyroid geometry and the results are compared with MIRD8, EGS4 

and MCNP published data [41]. The Geant4 results were again in good agreement 

with MCNP and EGS4 but produced results that differed from the values published in 

MIRD8. The Geant4 estimated results were typically 24 – 29.032% higher than those 

in MIRD8 for most values of thyroid volumes. The maximum relative difference of 

Geant4 results with EGS4 & MCNP is 6.667% for each case. Since the contribution 

of gamma photons in the S-values is ~2% which slightly effects the over-all deviation 

of S-values. 

4.4 Determination of Age Specific 
131

I S-value Values for 

Thyroid using Anthropomorphic Phantom in Geant4 

Simulations 

4.4.1 Absorbed fraction for gamma photons and beta particles 

Absorbed fractions calculated for γ-rays and β-particles for a range of energies and 

age groups are shown in figure 4.15 and 4.14 respectively. These values were 

calculated using the ellipsoidal model as a reference representing the thyroid and 

ICRP soft tissue as the composition of the thyroid. It is evident from figure 4.15 and 

4.14that the absorbed fraction values for  -particles are much higher compared to 
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those for the γ-rays for the same energy of the particles deposited in the same volume. 

The absorbed energy in adult thyroid for  -particles and  -photons is 97.8% and 3.1% 

respectively, for 200 keV incident energy. The reason is that β-particles have direct 

columbic interaction of with atomic nuclei and electrons. Depending upon their 

energy, some β-particles may escape from the target volume, but the primary 

mechanism through which their partial energy escapes the target volume is 

bremsstrahlung. The γ-rays on the other hand deposit their energy indirectly and thus 

have a greater chance to escape the target volume without interaction. The absorbed 

fraction for γ-rays, however, becomes higher at lower energies due to an increased 

photoelectric absorption cross section. 

 Figure 4.15 shows that, for most of the age groups, the absorbed fractions 

are not highly sensitive in the energy range of 0.1 to 1 MeV. In this energy range the 

slight variation in absorbed fractions can be attributed to an increase in Compton 

scattering probability which is also compensating for the increased transmission of 

photons due to an increase in energy. For small target volumes the large surface-to-

volume ratio increases the leakage probability, thereby reducing the absorbed 

fractions. On the other hand for large targets, where the surface to volume ratio is 

small, the increase in absorbed fraction is probably due to multiple Compton events 

resulting in degraded transmission of high energy  - photons. Same argument is also 

true for the case of β-particles. In the case of developing fetus, the variation of 

absorbed factions is much more prominent for all the energy ranges considered. It has 

been observed that in the case of 
131

I, β absorbed fraction values increased from 0.88 

to 0.97 for developing fetus (10 week to 36 week). The absorbed fractions calculated 

here show that the ICRP 56 recommendations overestimate the dose delivered in the 

developing fetus [203]. Fetal doses have been calculated by considering the ICRP bio-

kinetic model and using coupled electron photon transport simulation model [205, 

206]. The Geant4 calculated values in this study are in agreement with the literature 

quoted values of 0.87 to 0.96 with maximum deviation ~1%[85] 
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Figure 4.14 Variation of absorbed fraction for β-particles with energy, using ICRP soft tissue in 

ellipsoidal thyroid model in Geant4, for individuals belonging to various age groups. 

 

 

Figure 4.15 Variation of absorbed fraction for γ-photons with energy, using ICRP soft tissue in 

ellipsoidal thyroid model in Geant4, for individuals belonging to various age groups. 
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4.4.2 Tracking of gamma photons and beta particles on event by 

event basis in fetus and hyperthyroidism patient thyroid 

volumes 

The tracking of particles per event in small (fetus thyroid size) and large volume 

(hyperthyroidism patient thyroid) for  - particles in water is shown in the figure.4.16. 

For simulation 10
7
histories were generated. For tracking of  -particle multiple 

scattering, ionization and bremsstrahlung, electromagnetic process have been 

considered. For small volume, 191.7 keV is the maximum energy event which is 

deposited inside target volume and it is ~82% as compared to low energy events. 

Only 18% of the high energy events deposited their energy outside target volume 

causing absorbed fraction less than unity. Deposition of very low energy event is less 

than 1% as compared to high energy events. The average energy deposited by beta 

particle inside small volume is 174 keV, which is 90.6% of the maximum energy. 

Taken together, 91% energy is deposited inside the target volume which is equivalent 

to absorbed fraction value. 
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Figure 4.16 Energy deposition per event for beta particles in small (top) and large (bottom) 

volumes for β-particles in water. 

For large volume the probability of high energy events is higher. This implies 

that high energy events are confined within the volume causing absorbed fraction 

approaching to unity. 99% of high events are deposited inside target volume. Average 

energy deposited within the volume is 191 keV for 150 g thyroid mass which is 

99.5% of the total energy. Comparing low energy events for smaller volume, the 

percentage of low energy events is 0.24% as compared to larger mass which is 0.01%. 
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Figure 4.17 Frequency histogram of energy deposition per event for γ-photons for small (top) and 

large (bottom) sphere sizes. 

 Frequency histogram of energy deposition per event for  - photons of 

energy 383 keV for small and large sphere sizes is shown in the figure 4.17. For  -

photons only photoelectric and Compton effects dominate the interactions. With the 

size of target, the interaction probability of  -photon shows an increasing behavior. 

For smaller target 1.4% and for larger target 13.4% of total particles generated, 

interacted within the volume. In both volumes  -photons interaction pattern is similar 

but at higher energy in large volume shows more deposition events as compared to 

small target. Initially there is a higher probability of low energy events which may be 

due to escape events occurring near the surface. The most favorable energy value is 

230 keV for both volumes. The energy deposition is maximum shown by Compton 

edge and has a higher value for larger target size. The maximum energy value of 383 
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keV (full energy event) has a smaller value of probability of interaction for both target 

sizes. The step after peak in the larger target is caused by multiple Compton scattering 

process. 

4.4.3 Energy deposition per decay 

In order to find a relationship for the total energy deposition per decay of a particular 

radioisotope with the volume of the target, we considered 
131

I because it is frequently 

used in radiotherapy. Figure 4.18 shows the variation of the total energy deposition 

per decay in 
131

I for both β-particles and γ-rays with the volume of thyroid. It is 

evident that the total energy deposition per decay increases with the volume due to an 

increase in the surface to volume ratio of the target. This figure also provides a 

comparison for energy deposition in water and ICRP soft tissue along with the 

corresponding relative differences. It was observed that the relative difference in 

absorbed fractions values for soft tissue and water can go as high as 7.2 % in the case 

of γ-rays. This difference is, however, small (0.4 %) for β-particles. It has been shown 

by Ellen and Humes [204] that for photon energies less than 100 keV the absorbed 

fractions are highly sensitive to atomic composition. Therefore it is important to use 

the correct model for tissue composition while calculating the absorbed fractions. 

Although most of the energy deposited within thyroid is because of the β-particles the 

contribution from γ-rays may also become significant depending upon the size of 

thyroid. This study shows that the contribution to the overall energy deposition, for γ-

rays, varies from 0.9 % to 14.3 %.  

The absorbed energy values per decay calculated in this study, using Geant4, 

have also been compared with the corresponding values estimated using MCNP for 

131
I. For smaller thyroid sizes the difference between the Geant4 ellipsoidal model and 

MCNP calculations is large but as the size increases the difference becomes smaller. 

Table 4.14 provides the relative differences between absorbed fraction calculated in 

this study and that calculated by Mowlavi et al. [21]. The relative differences goes up 

to a maximum of 7.9 %.  This difference is mostly likely because of the difference in 

basic physics data sets used in MCNP and Geant4 simulation codes as well as 

different treatment of radiation transport (especially of  -radiations).  
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Figure 4.18 Variation of total energy deposition per decay for water and ICRP tissue with the 

thyroid volume for γ-photons (left) and β-particles (right) with corresponding relative differences 

shown in the top row. 

Table 4.14 Comparison of Geant4 computed values of the absorbed energy per decay with 

published data. 

Mass (g) Absorbed energy per decay  

Mowlavi et al This work (Geant4) % difference 

1 0.1791 0.1929 7.1 

2 0.1825 0.1956 6.7 

3 0.1843 0.1968 6.4 

4 0.1860 0.1983 6.2 

5 0.1873 0.1993 6.0 

7 0.1893 0.2011 5.9 

10 0.1915 0.2028 5.6 

15 0.1941 0.2048 5.2 

20 0.1967 0.2066 4.8 

25 0.1987 0.2077 4.3 
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4.4.4 Geant4 based S-values and their comparison with published 

data 

Geant4 based S-values for both single lobe and double lobe thyroid models are shown 

in table 4.15.  

Table 4.15 S-value for single- and two-lobe thyroid models along with their relative errors. 

Thyroid mass (g) S-value (rad.µCi
-1

.hr
-1

) 

Two lobes Model Single  lobe Model %  Relative error 

0.021 15.6566 17.8874 12.5 

0.188 2.0506 2.1183 3.2 

0.3633 1.0939 1.1102 1.5 

0.635 0.6331 0.6418 1.4 

1.3 0.3136 0.3180 1.4 

1.8 0.2277 0.2308 1.4 

3.4 0.1221 0.1239 1.4 

7.9 0.0534 0.0544 1.7 

12 0.0355 0.0361 1.7 

20 0.0218 0.0220 1.1 

40 0.0110 0.0112 1.9 

60 0.0074 0.0076 2.8 

80 0.0056 0.0058 2.9 

100 0.0045 0.0047 3.0 

150 0.0031 0.0032 3.2 

 

Single lobe thyroid model is an approximation for actual thyroid however the 

two lobe model better represents the actual thyroid. We observed that the maximum 

and minimum relative differences between the two models were 12.5% and 1.1% 

respectively. The large surface area of the two lobe model, which increases the chance 

of radiation leakage, caused a smaller value of S-value compared to single lobe 

model. The main contribution in the total S-value comes from β-particles i.e. 99 % for 

small targets and 85.7% for large targets. In table 4.19 the S-values are shown 

separately for γ-rays and β-particles. 

The S-values using mathematical MIRD embedded inGeant4 (MEG) and two 

lobe models simulated in this study for thyroid were compared with ORNL (Oakridge 

National Laboratories) published data [202] for thyroids of various age groups as 

shown in table 4.16. 
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Table 4.16 S-value for MIRD Embedded in Geant4 (MEG, this study), two-lobe and ORNL 

thyroid models along with relative errors for thyroids of various age groups. 

Thyroid 

mass (g) 

S-value (rad.µCi
-1

.hr
-1

)  % difference 

MEG 

(This study) 

Two lobes 

Model 

(This study) 

ORNL  

ORNL and  

Two lobes 

Model 

ORNL and  

MEG 

MEG and  

two lobes 

Model 

1.3 0.3096 0.3136 0.3230  2.9 4.3 1.3 

1.8 0.2266 0.2277 0.2350  3.1 3.7 0.5 

3.4 0.1207 0.1221 0.1230  0.7 1.9 1.1 

7.9 0.0527 0.0534 0.0538  0.7 2.1 1.4 

12 0.0353 0.0355 0.0347  -2.3 -1.7 0.5 

20 0.0214 0.0218 0.0221  1.6 3.1 1.4 

 The ORNL published S-values have higher values as compared to the MEG 

data and two lobe models. The maximum difference between ORNL calculated values 

with MEG and two lobe models is 4.3% and 2.9% respectively. The difference 

between MEG and two lob models is 1.3% which is smaller as compared with the 

corresponding ORNL calculated values. The difference may have come from full 

absorption of non-penetrating radiation in thyroid in ORNL model. Use of different 

thyroid models and physics cross section data in our study may also be a contributing 

factor in the observed difference.  

A comparison between S-values obtained in this study with ICRP and Harvey 

et al. published results given in table 4.17. 

Table 4.17  S-value for Geant4 based MEG thyroid model and comparison with indicated 

published data. 

Thyroid 

mass (g) 

S-value (rad.µCi
-1

.hr
-1

)  Ratio 

MEG 

(This study) 

Harvey et 

al[73] 
ICRP[203]  

MEG to 

Harvey et al 
MEG to ICRP 

1.3 0.3096 0.3615 0.3250  1.17 1.05 

1.8 0.2266 0.2641 0.2371  1.17 1.05 

3.4 0.1207 0.1361 0.1236  1.13 1.02 

7.9 0.0527 0.0552 -  1.05 - 

12 0.0353 0.0365 -  1.03 - 

17 0.0258 0.0266 -  1.03 - 
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The ICRP assumption of, full absorption of non-penetrating radiations, 

overestimates the thyroid dose for newborn and children by a factor of 1.05 and 1.02 

respectively. The overestimation of the thyroid dose declines little during the first five 

years as the gland mass increases only from 1.3 to 3.4 g during this period. This 

overestimation becomes worse in the case of developing fetus thyroid. Harvey et al 

results are 17% higher than the corresponding Geant4 based results of S-values 

computed in this study. 

S-values may also depend upon the degree of detail of the original organ 

employed in the model. In order to get a quantitative answer to this question, the S-

values were determined for spherical and ellipsoidal models. The relative difference 

is, however, not more than 0.8% as shown in table 4.18. Spherical model has a lager 

S-value as compared to elliptical model due to smaller surface-to-volume ratio. 

The contribution of γ photons and β particles in the total S-values are shown in 

the table 4.19. It is clear from the data that beta is the main contributor which range 

from 99.1% to 85.7% for the thyroid sizes considered in this study. The leakage of 

penetrating radiation gamma causes a smaller contribution in S-value. The total 

energy deposition in the thyroid is also compared with the total energy emitted per 

decay. Comparison shows that an energy deposition of 30.6% to 38.7% for thyroid 

sizes considered here. 

Table 4.18 S-value for spherical and ellipsoidal models for various values of thyroid mass 

belonging to different age groups. 

Thyroid Mass (g) 
S-value (rad.µCi

-1
.hr

-1
) 

Spherical Model Ellipsoidal Model % Difference 

0.021 17.8874 17.7924 0.5 
0.18795 2.1188 2.1122 0.3 

0.3633 1.1102 1.1072 0.3 

0.63525 0.6415 0.6393 0.3 

1.3 0.3180 0.3168 0.4 

1.8 0.2308 0.2303 0.2 

3.4 0.1239 0.1236 0.2 

7.9 0.0544 0.0541 0.5 

12 0.0361 0.0360 0.2 

20 0.0220 0.0219 0.5 

40 0.0112 0.0111 0.6 

60 0.0076 0.0076 0.7 

80 0.0058 0.0057 0.7 

100 0.0047 0.0046 0.8 

150 0.0032 0.0031 0.5 
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Table 4.19 S-value for γ-rays and β-particles for various values of thyroid size along with the 

percentage contribution of γ -rays in the total value of S-value. 

Thyroid mass (g) S-value (rad.µCi
-1

.hr
-1

) 

γ-rays β-rays %  due to  - photons 

0.021 0.1564 17.6360 0.9 

0.188 0.0374 2.0748 1.8 

0.363 0.0239 1.0833 2.1 

0.635 0.0154 0.6239 2.6 

1.3 0.0101 0.3068 3.3 

1.8 0.0080 0.2223 3.6 

3.4 0.0054 0.1182 4.5 

7.9 0.0030 0.0511 6.0 

12 0.0024 0.0337 6.7 

20 0.0016 0.0202 7.9 

40 0.0010 0.0101 9.5 

60 0.0008 0.0068 11.0 

80 0.0006 0.0051 11.9 

100 0.0006 0.0041 12.8 

150 0.0004 0.0027 14.3 

 

4.4.5 Power law fit 

For any generalized size of thyroid the following power law fitting function has been 

found adequate to calculate S-values (rad.µCi
-1

.hr
-1

). Power law fit for beta particles is 

shown in figure 4.19.Fitting has been carried out with MIRD thyroid data 

 
                     

       

      
  
      

      
 

(4.6) 

In ORNL report they used the analytical formula to calculate S-values[202]. 

They consider that non-penetrating radiation are fully absorbed in the thyroid. 

 
                     

       

      
  
      

 
 

(4.7) 

S-values are calculated using the above power fitting function for different age 

individuals along with the corresponding relative differences are shown in table 4.19. 

The observed difference is more for thyroid of developing fetus, reaches the value of 

8.9%. The leakage of non-penetrating radiation which is more pronounced in smaller 

thyroid sizes, may causes the relative difference between two data sets. It is suggested 

that for adults and individuals with larger thyroid sizes the ORNL power fit is an 

adequate fit for S-value calculation. 
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Figure 4.19 Variation of S-values for β-particles for Geant4 based ellipsoidal model and power 

law fit. 

4.5 Absorbed dose estimation for critical organs of 
131

I 

using Geant4 

The results for mean absorbed dose rate per unit activity (S-Values) for various 

critical cylindrical organs of adults, using MIRD and Geant4 simulations, are given in 

table 4.20. The table shows that good agreement was found between the two 

methodologies. The maximum relative difference of MIRD with Geant4 simulated 

results is 5.64% for cylindrical thyroid. 

Table 4.20 S-Values comparison between Geant4 simulations and MIRD results 

S-Values (Rad/µCi-hr) 

Organs Geant4 Simulation MIRD % Relative difference 

Thyroid 2.08E-02 2.20E-02 5.64 

Kidneys 1.49E-03 1.50E-03 0.78 

Stomach 9.22E-04 9.70E-04 4.99 

Bladder 1.14E-03 1.20E-03 5.08 

Large Intestine 1.04E-03 1.10E-03 5.41 

 

The first possible reason for the observed difference is the model used for 

simulation. MIRD utilized ellipsoid model for organs, and here in this study we use 
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cylindrical model. The discrepancy due to model is very small. Ellen and Humes have 

confirmed that, for small target volumes the absorb fractions are not a very sensitive 

function of target shape, so it should be possible to interpolate the tabulated data for 

most geometries of clinical interest. The second reason is the spectrum used for 

simulation which is different than the one used for MIRD calculation. The spectrum 

of MIRD is not available, so we utilize the 
131

I spectrum as given by Cember [159]. 

The third reason is the backscattered photons from the surrounding tissue. Brownell et 

al. [52] shows that the average absorbed doses increase with backscatter photons. In 

this study the absorbed doses for critical organs of 
131

I was estimated without 

considering the contribution of photons coming from surrounding organs. We 

consider organs as an isolated volumetric source with no surrounding tissue, form 

which only a very small fraction of beta energy (~1%) escape from organs while the 

photon emission is more (~96%). Another main reason is the cross section used in 

simulation which is different from MIRD cross-sections. Geant4 uses updated NIST 

XCOM cross section libraries. Cirrone et al. [164] shows that the cross-sections of all 

the Geant4 photon models are in statistical agreement with the NIST database. 

Besides comparison of MIRD and Geant4 schemes, two materials for these 

organs were also tested in this study. Comparison of water and ICRP soft tissue used 

in Geant4 simulation for different cylindrical organs of adults is shown in table 4.21. 

The maximum relative difference among the Geant4 estimated results for water with 

ICRP soft tissue is 1.03%. 

The water and ICRP soft tissue materials have same atomic densities but 

different atomic compositions. It has been shown by Ellen & Humes that absorbed 

fraction is increasingly sensitive to atomic composition for photon energies less than 

100 KeV. On the basis of relative differences between these materials, it is suggested 

that water can be used as phantom material in place of ICRP tissue, for dosimetry 

purposes. 

S-Values for critical organs of 
131

I, using 1, 5, 10, 15 and 18 years (adults) 

individuals, are shown in table 4.22. Since the dose is inversely related to mass, the 

results show that the mean absorb doses decreases as the age of individual increases. 

For a specific age individual the S-value increases as the organ mass decreases.  
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Table 4.21 Comparison of water and ICRP soft tissue used in Geant4 simulation for different 

cylindrical organs of adults. 

S-Values (Rad/µCi-hr) 

Organs Water ICRP Soft tissue % Relative difference 

Thyroid 2.08E-02 2.05E-02 1.03 

Kidneys 1.49E-03 1.49E-03 0.05 

Stomach 9.22E-04 9.12E-04 1.03 

Bladder 1.14E-03 1.13E-03 0.92 

Large Intestine 1.04E-03 1.03E-03 0.99 

Table 4.22 S-values of 
131

I, for critical organs of 1, 5, 10, 15 and 18 years (adults) individuals. 

S-Values (Rad/µCi-hr) 

Organs Adult 15 Years 10 Years 5 Years 1 Years 

Thyroid 2.08E-02 3.30E-02 5.10E-02 1.15E-01 2.20E-01 

Kidneys 1.49E-03 1.86E-03 2.59E-03 3.84E-03 6.84E-03 

Stomach 9.22E-04 1.22E-03 1.76E-03 3.03E-03 6.04E-03 

Bladder 1.14E-03 1.47E-03 2.25E-03 3.50E-03 6.73E-03 

Large Intestine 1.04E-03 1.34E-03 2.36E-03 3.86E-03 7.67E-03 

 

Figure 4.20 shows the variation of total energy deposition per decay against 

the critical organs of 
131

I for different age’s individual, using cylindrical model. The 

energy deposition per decay increases for a particular age individual as the 

volume/mass of an organ increases because of the increasing volume to surface ratio 

for a cylinder organ, causes the decrease of radiations fraction escaping from the 

thyroid. The same reason is valid for a particular organ of different ages, with 

increasing energy deposition as the age increases. 
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Figure 4.20 Variation of total energy deposition per decay against the critical organs of 
131

I for 

different ages, using cylindrical model 

Figure 4.21 shows the variation of the total energy deposition per decay of 
131

I 

for both beta and gamma rays against the volume of thyroid for cylindrical shape. The 

total energy deposition per decay increases with volume, because the increasing 

volume to surface ratio of cylinder thyroid causes the decrease of radiations fraction 

escaping from the thyroid. Reported data in literature shows that volume of thyroid 

substantially reduces (up to 70-80%) after radioiodine therapy of Graves' 

hyperthyroidism are common and recently several authors have also shown that the 

success of this therapy depends on the absorbed dose to the thyroid. So physician 

must clearly determine the volume of thyroid, so that the exact dose is delivered to the 

patient treated with 
131

I.  
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Figure 4.21 Variation of total energy deposition per decay against the volume of thyroid for 

cylindrical model 

Variation of S-values against the thyroid volume is shown in figure 4.22. 

Comparison of Geant4 with Siegel and Stabin results shows a good agreement. Siegel 

and Stabin evaluated the absorbed fractions for electron and beta sources uniformly 

distributed within spheres of various sizes using the methodology developed by 

Berger, energies varied from 0.062 to 1.428 MeV and from 0.025 to 4 MeV, 

respectively. The maximum relative difference of Geant4 cylindrical model with 

Siegel & Stabin result is 3.07%.   

There are many reasons to explain this discrepancy. First reason is the cross 

section libraries used in Berger method and Geant4 standard model. The second 

reason is the scattering contribution from the surrounding tissue. Third reason is due 

to considering the full beta and gamma transport in our calculation. The slight 

difference also came from material, model and spectrum of 
131

I used in our 

simulation, which is different from that used by Siegel and Stabin. 
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Figure 4.22 S-Values as a function of thyroid volume for cylindrical model and Siegel & Stabin 

Photon specific energy deposition per decay, in the other organs of the neck, 

due to decay in the thyroid, has also been simulated. It is clear from figure4.21 that 

energy deposition per decay is proportional to thyroid size. The energy deposition in 

other organs of neck as a function of the thyroid volume per decay of 
131

I is shown in 

figure 4.23. For neck tissue and skin the specific energy deposition is not much 

sensitive to cylindrical thyroid volume but for spinal bone the specific energy 

deposition decreases slightly as thyroid volume increases. 

 

Figure 4.23 Variation of specific energy deposition per decay for other organs of neck with 

respect to thyroid volume 
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4.5.1 Comparison of dose rate Iodinated thyroid phantom with 

ionization chamber detectors and Geant4 simulation 

Variation of dose rate against activity at 0.5 and 1 m distance from cylindrical neck, 

using ionization detectors and Geant4 simulation is shown in figure 4.24. The dose 

rate directly related to activity and also increases with decrease in distance. 

Comparison of experimentally measured values at 0.5 and 1m distance from neck 

using Ionization chamber, with Geant4 based Monte Carlo simulations results show a 

good agreement. Although there are many factors which perturb experimental results 

including response of detector, the distance of detector which cause significant change 

and the location of thyroid slot in neck phantom.  

 

Figure 4.24 Variation of dose rate against activity at 0.5and 1 m distances from cylindrical neck, 

using ionization detectors and GEAN4 simulation. The error bars are included in the graph but 

error bar sizes are smaller than the box dimensions. 

Comparison of experimentally measured values at surface of neck, using 

Ionization chamber with Geant4 simulations results are given in table 4.23. The 

maximum relative differences are not more than 8.38%. The difference, as explain 

earlier, is due to the energy response of detectors and asymmetry found in neck 

phantom. 
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Table 4.23 Comparison of dose rate at surface of thyroid with ionization chamber detectors and 

Geant4 simulation. 

Activity 

(µCi) 

Dose Rate (µSv/hr) at 

surface, Experimental 

Dose Rate (µSv/hr) at 

surface, Geant4 

%Relative  

difference 

100 14.25±1.5 15.48±0.3 7.95 

300 42.55±2.1 46.44±0.4 8.38 

500 71.96±3.4 77.40±0.3 7.03 

700 99.56±3.9 108.37±0.5 8.13 

1000 142.84±4.2 154.81±0.4 7.73 

3000 431.15±8.6 464.42±0.3 7.16 

5000 719.34±7.9 774.04±0.5 7.07 

7000 1002.65±15.9 1083.66±0.4 7.48 

9000 1293.75±20.5 1393.27±0.6 7.14 

 

4.5.2 Comparisons of experimentally measured values of ambient 

dose equivalent rate from Iodinated thyroid Patients 

Comparisons of experimentally measured values of ambient dose equivalent rate 

using ionization chamber, with Geant4 based Monte Carlo simulations, and with 

results found in literature at the neck surface and at one m distance from thyroid are 

shown in table 4.24. For simulation we have used a cylindrical thyroid concentric 

with a cylindrical neck. Simulated results (this work) show good agreement with 

experimental data (this work) and the measured results cited from literature. In the 

case of ambient dose equivalent rate at neck surface, the Geant4 simulated results are 

consistent with the corresponding experimental data while the reported data tends to 

be on higher side for the entire activity range. Same trend is observed in the case of 

ambient dose equivalent rate at 1 m distance. The observed differences may be 

attributed to experimental variations in thyroid uptake and detector calibration. 

Table 4.24 Comparison of ambient dose equivalent rate at neck surface and at 1 m distance from 

thyroid with ionization chamber in Geant4 simulations. 

Location 

Activity 

range 

(MBq) 

Ambient dose equivalent rate(µSv/hr) 

Geant4 Simulation (this 

work) 

Experiment 

(this work) 

Muhammad, et 

al 

Neck 

Surface 
405 – 851 1238.8±0.4-2590±0.7 1350±5 – 2702±4 1502 - 2990 

At 1 m 

from Neck 
405 – 851 17.4±0.5 – 33.1±0.7 20±2 – 34±3 27.0 – 46.0 
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4.6 Absorbed dose estimation for organs of Pakistani 

Reference man 

Based on the scaled data for Pakistani reference adult man, a mathematical 

anthropomorphic phantom has been developed. The component based architecture 

and object oriented technology adopted make this stylized phantom open for further 

evolution. The specific absorbed fraction values have been estimated, shown in 

figures 4.26-4.30, for nine vital and sensitive organs (Adrenals, Kidneys Lungs, 

Pancreas, Spleen ,Brain, Stomach, Thyroid, Testes) both as source and target for 

energy range of 10 keV  to 4 MeV. For comparison of Geant4 SAF values, shown in 

the table 4.25, are compared with MIRD5 Phantom data [15]. In the present 

comparison, kidney is considered as source organ and the gamma photons are 

distributed uniformly. For self-irradiated organs, the relative differences are smaller 

for lower energy because most of the energy is deposited inside target organs. Since 

SAF value is inversely related to mass of the organ, so at lower energy mass of the 

organ is the only factor responsible for the observed differences. At higher energy the 

leakage of the γ-photons from organ volume may also contribute to the relative 

differences. At lower energy the relative difference is ~4% while at higher energy this 

increases up-to ~12%. For comparison of MIRD and Geant4 SAF values, statistical 

analysis have performed and shown in the figure 4.25. Figure clearly indicates a good 

linear co-relation (r  = 0.999) between two data sets. However, the intercept of the 

curve is a bit above the zero level (+ 0.021) and slope is slightly above the unity 

(1.039). This shows a little biasness between Geant4 and MIRD data sets for self-

organ doses considered here.  

In contrast to organ self doses, the relative differences are more at lower 

energy as compare to high energies, for cross-irradiated organs. This is because of the 

fact that at lower energy only a small number of gamma photons are able to escape 

from source target and reach to target organ, depends on the radial distance from 

source organ. So in this case only a fraction of energy is deposited in the target organ 

and hence resulting a smaller value of SAF. From statistical point of view, smaller 

numbers causing more statistical fluctuations and uncertainty. Therefore, at lower 

energy for cross- organ doses there exists poor agreement between two data sets due 
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to poor statistics in the corresponding SAF-values. At lower energy the relative 

differences are ~100%. 

At higher energies, the higher emission of gamma photons from source organs 

presents good statistics for target organs and hence reduces the relative differences. 

Besides that, differences in masses of organs and cross-sectional data used for both 

data sets, are also contributing toward the observed differences. 

The SAF- values are depicted in figure 4.26 – 4.30 for Adrenals, Kidneys 

Lungs, Pancreas, Spleen, Brain, Stomach, Thyroid and Testes, both as source and 

target for energy range of 10 keV to 4 MeV. SAF-values are also presented separately 

for female organs (Uterus, Breast and Ovaries) as shown in figure 4.31. Depends on 

the source and target locations, the values of SAF in some cases are smaller by a 

factor 2~-6 for target organs. However, with the increasing of energy these 

differences are reduces. 

It is expected that these dosimetric estimates obtained here for Pakistani 

reference man will be used for most purposes of planning in Radiotherapy, Nuclear 

medicine and for low level exposures without any tedious enumeration of 

assumptions and will be helpful to provide a baseline data to health physicist in 

nuclear emergencies. Although this stylized phantoms are anatomically unrealistic, 

but still the volume, shape and position of individual organs can be set by 

adjusting the individuals parameters in the equations so that to incorporate the 

reference data in body phantom. 
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Table 4.25 Comparison of Geant4-based SAF (kg-1)-values with MIRD data 

 

Target 

 

Method 

Photon Energy (keV) 

10 15 20 30 50 100 200 500 1000 

Kidneys Geant4 3.40E+00 2.85E+00 2.20E+00 1.09E+00 4.39E-01 2.53E-01 2.64E-01 2.75E-01 2.53E-01 

 MIRD 3.28E+00 2.74E+00 2.04E+00 1.03E+00 3.93E-01 2.35E-01 2.39E-01 2.52E-01 2.26E-01 

 %RD 3.77E+00 4.19E+00 7.65E+00 5.54E+00 1.18E+01 7.46E+00 1.03E+01 8.93E+00 1.17E+01 

Adrenals Geant4 8.22E-04 1.30E-02 4.00E-02 6.92E-02 5.62E-02 4.00E-02 3.68E-02 3.57E-02 3.35E-02 

 MIRD 4.70E-03 3.95E-02 8.11E-02 9.44E-02 6.30E-02 4.51E-02 3.48E-02 4.28E-02 4.01E-02 

 %RD -8.25E+01 -6.72E+01 -5.07E+01 -2.67E+01 -1.08E+01 -1.13E+01 5.61E+00 -1.67E+01 -1.64E+01 

Lungs Geant4 0.00E+00 1.65E-07 5.28E-05 1.32E-03 3.52E-03 3.74E-03 3.52E-03 3.52E-03 3.85E-03 

 MIRD 3.57E-05 5.36E-05 7.15E-05 1.18E-03 3.27E-03 3.37E-03 2.99E-03 3.28E-03 3.30E-03 

 %RD -1.00E+02 -9.97E+01 -2.62E+01 1.18E+01 7.55E+00 1.09E+01 1.76E+01 7.22E+00 1.66E+01 

Pancreas Geant4 0.00E+00 3.72E-05 2.74E-03 2.41E-02 3.72E-02 2.85E-02 2.52E-02 2.52E-02 2.30E-02 

 MIRD 2.34E-05 3.51E-05 4.45E-03 2.44E-02 3.22E-02 2.63E-02 2.28E-02 2.25E-02 2.24E-02 

 %RD -1.00E+02 6.07E+00 -3.85E+01 -1.27E+00 1.56E+01 8.25E+00 1.05E+01 1.19E+01 2.66E+00 

Spleen Geant4 1.43E-04 7.69E-03 3.73E-02 6.92E-02 5.60E-02 3.73E-02 3.40E-02 3.29E-02 3.07E-02 

 MIRD 6.19E-03 9.28E-03 3.63E-02 6.69E-02 5.32E-02 3.30E-02 3.11E-02 2.85E-02 2.70E-02 

 %RD -9.77E+01 -1.72E+01 2.84E+00 3.40E+00 5.26E+00 1.31E+01 9.45E+00 1.56E+01 1.39E+01 

 

 

Figure 4.25 Comparison of Geant4 and the corresponding MIRD SAF-values for self-irradiated 

organ (kidneys) 
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Figure 4.26 Specific absorbed fraction of Adrenals (top) and Urinary Bladder contents (bottom)  

as source organs 
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Figure 4.27 Specific absorbed fraction of Kidneys (top) and Lungs (bottom)  as source organs 
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Figure 4.28 Specific absorbed fraction of Brain (top) and Pancreas (bottom) as source organs 
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Figure 4.29 Specific absorbed fraction of Spleen (top) and Stomach contents (bottom) as source 

organs 
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Figure 4.30 Specific absorbed fraction of Testes (top) and Thyroid (bottom)  as source organs 
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Figure 4.31: Specific absorbed fraction of self-irradiated male (top) and female (bottom) organs 
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4.7 Dosimetry at voxel level 

The absorbed fraction and S-values for self-irradiated voxels have been estimated for 

mono-energetic electrons and gamma photons, employing Penelope physics model. 

The above dosimetric parameters have also been determined for a range of voxel sizes 

and energies of 1 keV to 2 MeV. Figures 4.32, 4.33 and 4.34 illustrate these 

parameters. The absorbed fractions and S-values have been shown separately for soft 

and bone tissues. For directly interacting electrons the absorbed fraction values are 

much higher as compare to gamma photons even for same energy. For 100 keV the 

absorbed fraction of electron is 10 times larger as compare to gamma photons. At low 

energy it is almost close to unity but as the energy increases its value decreases very 

sharply for small voxels. Electron stopping power and leakage from target voxel 

explained the behavior of absorbed fraction for electrons. At low energy the stopping 

power is higher even for small target voxels, causing higher value of absorbed 

fraction. Increasing the voxel size causing a higher interaction probability and 

ultimately gives a larger value of absorbed fraction. For bone the absorbed fraction 

value is higher than soft tissue due to its atomic density. The high value of Z and 

atomic density of bone gives a larger value of stopping power, causing more energy to 

be deposited by electrons in the target voxels. 

 For gamma photons, the indirect interacting behavior causing a complex trend 

of absorbed fraction verses energy. At low energies the dominant process is 

photoelectric effect and backscattering from the surrounding medium. The transmitted 

photons scattered back and re-interact with target voxel and deposit its energy through 

photo electric effect. Photo electric cross section is much higher at low energies and 

extended its dominancy up-to 100 keV energy. Higher value of Z and atomic density 

of bone further increase the absorbed fraction values. As the energy increases beyond 

100 keV, the absorbed fraction values decreases due to inverse relation of photo-

electric absorption cross section with energy. The photo-electric absorption cross 

section is directly related to almost fourth power of atomic number and inversely 

related to about to third power of energies. This behavior is clearly shown by the 

absorbed fraction values for bone and soft tissue at about 1 to 100 keV energy range. 

Beyond 100 keV energy the dominant process is Compton effect and extended to 

higher energies, up to 30 MeV for soft tissue. The Compton cross section is directly 

related to atomic number (Z) and inversely related to photon energy.  The increase in 
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the voxel size, increases the absorbed fraction value due to small leakage of high 

energy radiation and multiple Compton scattering events.  For higher energy at about 

100 keV, the absorbed fraction value increase slightly, due to increase in pair 

production events. For large voxels sizes, a plateau is reached even at higher energies, 

due to small escape probably of the scatter gamma photons from the target volume. A 

similar trend of absorbed fraction has been observed for electrons and photons at 

larger voxel sizes, due to higher value of probability of interaction.  

 

Figure 4.32: Electrons absorbed fraction values for self-irradiated voxels of various sizes in 

different materials. 
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Figure 4.33: Gamma absorbed fraction values for self-irradiated voxels of 6 mm (top) and 3 mm 

(bottom) sizes in different materials. 
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Figure 4.34: Gamma absorbed fraction values for self-irradiated voxels of 0.1 mm (top) and 0.01 

mm (bottom) sizes in different materials. 
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4.7.1 Intra-voxel Source Distribution Considerations 

It is informative to briefly compare the use of voxel S-values and dose point kernels 

to carry out voxel dosimetry calculations, particularly in regard to the choice of how 

one might distribute the activity within the target source voxel. Table 4.26 show four 

sets of voxel S-values generated for 
32

P and for 6mm voxel size as a function of the 

source-to-target voxel center-to-center distance. First column represents the Geant4 

based estimated voxel S-values for both a volume source and a volume target voxels.  

Second column represents the S-values, generated by using dose point-kernel data of 

Cross et al.[184]. For nearest neighborhoods voxels, very good agreement has been 

found between these two data sets, showing that one can use either approach to 

generate voxel S-values. However, for target voxels at larger distances Geant4 based 

S-values are higher than the Cross et al. S-values, because Geant4 allows the beta 

particles to track beyond the CSDA ranges by generating bremsstrahlung photons. 

These differences are small, however, when compared in magnitude to the source 

voxel S-value. The data shown in the third column represent S-values for a point 

source of 
32

P located at the centroid of source voxel. In previous two cases the activity 

was distributed in the entire volume of source voxel. By collapsing the activity to the 

voxel centroid, one increases the self-dose to the source voxel by 42%. The 

corresponding S-values to adjacent voxels decrease correspondingly as a smaller 

portion of the beta particle energy is allowed to escape from the source voxel. The last 

Case “A*” represents full energy absorption within the source voxel in which the S- 

value for the source voxel irradiating itself is calculated as the quotient of the mean 

energy emitted per decay and the mass of the target voxel. Case “A*” is typically used 

currently for handling non-penetrating radiations within radionuclide therapy 

treatment plans. 

Table 4.26: S-values (mSv/MBq.s) for 
32

P, within 6-mm voxel, determined by various methods. 

   Geant4 Cross et al Point Source A* 

     
0.00 3.17E-01 3.10E-01 4.51E-01 5.37E-01 

1.00 2.51E-02 2.56E-02 8.90E-03 - 

1.42 3.11E-03 3.29E-03 6.25E-04 - 

1.73 4.70E-04 4.99E-04 3.30E-05 - 

2.00 5.46E-06 6.58E-06 1.88E-06 - 

14.70 1.14E-06 1.08E-07 9.70E-07 - 

A*: Assuming full energy deposition in source voxel 
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Figure 4.35: Variation of Geant4 based voxel S-values as function of distance from central voxel, 

for three different radio-nuclides, in 6 mm voxel size. 

In order to show the variation in voxel S-values as function of distance from 

central source voxel, Geant4 based estimated S-values are depicted in figure 4.35 for 

three different radio-nuclides (
131

I, 
177

Lu and 
188

Re).  In fact once a set of S-values for 

mono-energetic photons and electrons has been established for each voxel size of 

interest, tables of S-values for different radionuclide may be generated. In present 

case S-values are estimated for 6 mm voxel size, considering bone as medium for 

simulation. At smaller distances the contribution of electrons is significant (below 

CSDA range), whereas photons are more important at larger distances, as expected. 

The tracking of electrons evidences the deposition of energy even beyond the 

maximum CSDA range, which corresponds to the bremsstrahlung photons produced 

during the transport. As a consequence, the curves of S-values due to electrons show a 

sudden variation in slope at a distance close to the maximum CSDA range. Figure 

shows that such a distance beyond the CSDA range is high for radio-nuclides with 

high energy beta spectrum, such as 
188

Re. Noteworthy for 
188

Re the contribution of 

electron is about one order of magnitude higher at large distances, with respect to 
131

I 

and 
177

Lu, due to the higher energy of the emitted electrons. As expected, radio-
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nuclides with high-energy photons (e.g. 
131

I, which has a significant abundance of 364 

keV photons) present S values at large distances higher than those obtained for 

isotopes where photons have a lower energy (for both 
177

Lu and 
188

Re the photons 

with significant abundance have a maximum energy in the range of 100–200 keV). 

Geant4 based estimated S-values are presented in figure 4.36 for three 

different radio-nuclides (
131

I, 
90

Y and 
32

P), as a function of the generalized distance 

   , for 10 µm voxel size. All data series show a similar and decreasing trend with 

distances. S-values are higher for 
131

I as compare to other two radio-nuclides, due to 

its smaller beta energy, which deposits more energy in the nearest neighborhood 

voxels. Even though, at lager distances the bremsstrahlung photons contribute in S-

values of 
90

Y and 
32

P, a pure beta emitters, but still high energy of gamma photons of 

131
I dominate over the two radio-nuclides. 

 

Figure 4.36: Variation of voxel S-values as function of normalized distance from source voxel, for 

three different beta emitters, in 10 µm voxel size. 
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In all data series, the statistical fluctuation in S-values increases with the 

normalized distance  , as the average energy deposition per disintegration decreases 

when the distance from the source voxel increases. In order to evaluate the statistical 

uncertainties on the obtained voxel S-values, in table 4.27 we present the maximum 

relative percentage deviations (          
         

  
  ) along with average S-

values, for four values of normalized distances. We start with   =1 to estimate 

percentage deviation and average S-values from the six “first neighbors” of source 

voxel. Table shows that as the distances from source voxel increases percentage 

deviation increases while average S-values are decreases. 

Table 4.27 Average S-values (Sv/Bq.s) and maximum percent relative differences for three 

isotopes at various normalized distances. 

    
131

I  
90

Y  
32

P 

 
                              

1.00  40.57 0.82  23.17 1.26  24.40 1.14 

3.74  3.03 6.44  1.49 9.34  1.57 6.31 

5.00  1.86 9.56  0.84 7.13  0.89 6.73 

10.00  0.68 19.97  0.21 21.31  0.22 21.30 

 

Absorbed fraction is the central quantity for determining the voxel S-values. 

The product of absorbed energy and mass of target voxel constitute the S-value. The 

S-values can be derived from absorbed fraction values, having same trends verses 

energies. For both electrons and gamma photons S-values are decreases with the 

increases in voxel sizes, as expected. 

4.7.2 Advantages and possible drawbacks of using voxel S-values in 

3D dosimetry 

The significance of absorbed dose estimation at voxel level is inherently related to the 

non-uniform distribution of radio-pharmaceutical activity in tumors and normal 

healthy tissue and also linked with tissue composition and density as well. The study 

of various researchers revealed that the inclusion of non-uniform activity distribution 

in the dosimetry calculation is able to provide more detail information regarding its 

potential efficacy and relative toxicity. The dose profile obtained at voxel level, which 

take into account the non-uniformity of dose distribution, allows the calculation of 

radio-biological parameters and co-relate with biological effects, a better parameter 

than the average absorbed dose. A large deviation has been observed in dose profile 
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for both tumors and normal tissue. The maximum doses are two times higher than the 

average absorbed dose. In some particular cases, the average doses are even ten times 

higher than the equivalent uniform doses. Furthermore, in case of combine treatment 

of external beam and radio-pharmaceutical therapy the dose maps for both treatment 

systems are very helpful to derive dose-volume histogram (DVHs) and properly 

modify each step of treatment. 

 From all these studies it’s revealed that voxel dosimetry performed in 3D is 

more appropriate for optimization of patient specific dosimetry and even more robust 

dose effect co-relation can be found for both tumor and normal healthy tissue. The 

voxel S-values, determined from analytical method, can be used in 3D dosimetry as 

long as the uniform tissue composition assumption is valid. For dosimetry of specific 

tissues like bone or lung, the voxel S-values must be evaluated for these tissues 

explicitly to account for the density effect.  These voxel S-values cannot be applied 

for interfaces of different tissues or materials. In fact it would cause errors in 

estimating dosimetric parameters, depends on the specific situation including 

geometry, density variation, radionuclide and activity distribution. In such situation, it 

would be more appropriate to use direct Monte Carlo simulation code instead of using 

S-values from lookup tables. The dosimetric impact of density heterogeneity in case 

of various radio-pharmaceuticals, tumors and organs is a subject of interest for 

various researchers including the degradation of image qualities used for 

quantification of activity. 

4.8 Dose Point Kernels (DPKs) 

For validations of Geant4 estimated DPKs the results are compared among the three 

Geant4 models (Standard, Penelope and Livermore) and two standard MC codes like 

EGS and MCNP [34, 207]. 

4.8.1 Models comparison 

For electromagnetic models comparison, Geant4 estimated DPKs in water for 200 

keV and 4 MeV energies are depicted in figure 4.37.  
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Figure 4.37: Comparison of Geant4 estimated DPKs for Standard, Penelope and Livermore 

physics models 

The results presented here for each physics model have been obtained with 

same simulation parameters and statistics, so the only discrepancy among the Geant4 

models are caused by the cross-sectional libraries used to generate them. For 200 keV 

energy, the peak value of the scaled dose occurred at a scaled distance of 0.65 for both 

Standard and Penelope model while for Livermore it occurred at 0.60 scaled 

distances. Considering Standard model as reference, the maximum difference for peak 
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value is 0.1% for Penelope model while for Livermore model it is -1.52%. The 

relative differences in absorbed dose values, for Standard model over 80 % of the 

scaled distances          , are -1.5% and -2.3% for Penelope and Livermore models 

respectively. 

Similarly for 4 MeV energy, the maximum difference between Standard and 

Penelope models results for peak value is not more than -1.2% while between 

Livermore and Standard model it is approximately -2.75%.The relative differences in 

absorbed dose values, for Standard model over 80 % of the scaled 

distances         , are -3.1% and -6.0% for Penelope and Livermore models 

respectively. In both cases, above 90 % of the scaled distances         , the relative 

differences are more than 100%. 

4.8.2 Codes comparison 

In figure 4.38 the DPKs produced in water by Geant4 are compared to those produced 

by EGS and MCNP, for 15keV and 1MeV electron energy. The results of Geant4 

estimated DPKs are in good agreement with the kernels of EGS and MCNP which 

already existing in the literature. Larger discrepancies are observed at low electron 

energy as compare to high energy. For electron energy of 15 keV, the maximum 

difference between the peak values in Geant4 and EGS is -4.9%, whereas the 

difference between Geant4 and MCNP is -8.7%. Considering Geant4 results as 

reference, the relative differences of DPKs values over 80 % of the scaled distances 

         are -8.4% and -12.3% for EGS and MCNP Codes respectively. For both 

energies the peak value are almost identical but having different values for scaled 

doses. The DPKs values of MCNP and EGS are higher than Geant4 values for both 

energies. For electron energy of 1 MeV, the maximum difference between the peak 

values in Geant4 and EGS is -1.49% whereas the difference between Geant4 and 

MCNP is -3.6%. Similarly, the relative differences in DPKs values, over 80 % of the 

scaled distances          ,are -4.7% and -7.2% for EGS and MCNP Codes 

respectively. 

Geant4 based estimated dose point kernels in lung, bone tissue and air, for 

mono-energetic electrons with initial energies 10 keV, 15 keV, 100 keV and 1 MeV, 

are depicted in figure 4.39, 4.40 and 4.41, respectively. 
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Figure 4.38: Comparison of Geant4 estimated DPKs with EGS and MCNP for 1 keV and 1 MeV 

energies electron 
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Figure 4.39: Geant4 based estimated dose point kernels in lung tissue for mono-energetic 

electrons with initial energies (a) 10 keV, (b) 15 keV, (c) 100 keV  and (d) 1 MeV. 
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Figure 4.40: Geant4 based estimated dose point kernels in bone tissue for mono-energetic 

electrons with initial energies (a) 10 keV, (b) 15 keV, (c) 100 keV  and (d) 1 MeV. 

  



Chapter 4 

132 

 

 

 

Figure 4.41: Geant4 based estimated dose point kernels in air material for mono-energetic 

electrons with initial energies (a) 10 keV, (b) 15 keV, (c) 100 keV  and (d) 1 MeV. 

4.8.3 Significance of DPKs 

The aim of internal dosimetry is to determine the radiation absorbed doses to healthy 

organs and malignant tumors during treatment with radio-pharmaceuticals. Thanks to 

the continuous improvements and development in SPECT/PET – CT imaging 

modalities, the overall spatial resolution and imaging quality of functional images has 

increased considerably. These functional images form a basis for 3D dosimetry at 

millimeter scale resolution in the bio-distribution map of radio-pharmaceuticals 

within human organs. For achieving 3D dosimetry, convolutions of dose-point-

kernels are most widely used. In this study Geant4 MC code has been used for 
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determination of dose-point-kernels. Realistic patient specific 3D dosimetry can be 

performed with MC codes which based on MRI/CT and PET/SPECT imaging data 

but it require large computational time and power. For the moment patient specific 

dosimetry with MC codes are not directly applicable in clinical routine. For this 

reason a hybrid approach that would use both patient anatomical data and material 

based kernel convolution, which are estimated with Geant4 here, could be used. 

Discrepancy among Geant4, EGS and MCNP code are existed and can be expected 

due to utilization of different simulation algorithms and cross-sectional libraries. 

A database of DPKs has been generated using Geant4 for mono-energetic 

electrons for four different materials namely air, water, bone and lung tissues. Based 

on CT images reports on materials variation, the assumption of using water base 

DPKs is not an adequate approach. Algorithm for convolution of DPKs should be 

modified to take into account patient anatomic information, which can be extracted 

from MRI/CT images. The various material-specific DPKs could be used in 

appropriate convolution based absorbed dose calculation algorithms towards patient 

specialized dosimetry. 

4.9 Dosimetry of Auger electron emitters 

The S-value represents a valuable parameter in internal radiation dosimetry. In 

particular, for Auger electron emitters, which exhibit short range particles. It is 

important to tabulate accurate S-values especially at the sub-cellular level since at 

these microscopic scales the radionuclide distribution might be highly non-uniform. 

S-values are presented here for a range of cell sizes (2-3, 3-7, 4-6, 4-5 and 5-10 µm) 

and mono-energetic electrons (1 keV to 2 MeV). The established database of S-values 

can be easily used for determination of S-values of beta and Auger- electron emitters, 

considering the yield of each electron. The contribution of gamma photons in S-

values is too small so that it can easily be neglected. A systematic comparison of 

Geant4 based estimated S-values with that computed with MCNP and MIRD is shown 

in tables 4.28, 4.29, 4.30, 4.31 and 4.32. It has been found that in Geant4 code the 

actual penetration range of electron is smaller than the path-length, calculated from 

the reciprocal of stopping power. The later technique used by MIRD, while Geant4 

uses “penetration range method” for particle transportation in volumetric sources. As 

a result, the electrons are less penetrating in this study than predicted by MIRD. 
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Comparing S-values with MCNP, for all energies and various cell seizes, the relative 

differences are up to 5% for        configuration. For other combination like    

    and         the relative differences are increases and reach up to 45%. 

Regarding the relative differences with MIRD, a similar behavior of increasing trend 

is also observed for       ,          and          combinations respectively. 

For self irradiated targets, at lower energies below 100 keV the MIRD S-values are 

smaller than Geant4 values. On the other hand, above 100 keV the trend of relative 

difference with MIRD is reversed. It should be made clear that what at lower energy 

the effect is solely the result of the differences in the electron penetration capability 

and stopping power between Geant4 simulations and MIRD analytic expressions. The 

situation is reversed above 100 keV energy where a significant fraction of secondary 

particles escaping the target nucleus, thus, depositing energy outside the target 

volume. MIRD calculations neglect secondary particles which results an over-

estimation of S-values at high energy. This effect decreases with increasing nuclear 

size, causing a relatively smaller number of secondary particles capable to leave the 

target volume. For the energy range studied here, the secondary-ray effect causes 

differences of 10–20% with our results. The same secondary-ray effect of comparable 

magnitude was also reported by Goddu et al (1997) [37] using MIRD schema for 1 

MeV electrons and found an overestimate of 18% with the results of OREC code 
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Table 4.28: S-values for mono-energetic electrons in cell size of (2-3) µm: A comparison of 

Geant4 Penelope Physics model with MCNP and MIRD, along with percentage relative 

differences. 

S-values (Gy/Bq.s) for Cell size  (2-3) µm 

      
Energy (keV) This work 

(Geant4.9.) 

MCNP MIRD % Difference 

 of Geant4 

with MCNP 

% Difference  

of Geant4 

with MIRD 

 

1 4.750E-03 - 4.71E-3 - -0.84 

2 9.290E-03 9.30E-3 - 0.11 - 

5 2.063E-02 2.06E-2 1.93E-2 -0.15 -6.45 

10 2.669E-02 2.64E-2 2.04E-2 -1.09 -23.57 

20 1.180E-02 1.12E-2 9.81E-3 -5.08 -16.86 

50 4.688E-03 4.66E-3 4.79E-3 -0.60 2.18 

100 2.750E-03 2.87E-3 2.95E-3 4.36 7.27 

200 1.784E-03 1.79E-3 - 0.34 - 

500 1.230E-03 1.24E-3 1.37E-3 0.81 11.38 

1000 1.075E-03 1.09E-3 1.24E-3 1.40 15.35 

2000 1.020E-03 1.05E-3 1.25E-3 2.94 22.55 

       
1 1.472E-05 - 2.94E-5 - 99.77 

2 1.146E-04 1.06E-4 - -7.54 - 

5 1.377E-03 1.40E-3 1.94E-3 1.67 40.89 

10 7.007E-03 7.22E-3 7.05E-3 3.04 0.61 

20 4.968E-03 4.77E-3 3.57E-3 -3.98 -28.14 

50 1.657E-03 1.68E-3 1.65E-3 1.37 -0.44 

100 9.629E-04 9.92E-4 1.01E-3 3.03 4.90 

200 6.235E-04 6.41E-4 - 2.81 - 

500 4.317E-04 4.41E-4 4.70E-4 2.14 8.86 

1000 3.767E-04 3.92E-4 4.24E-4 4.06 12.55 

2000 3.561E-04 3.66E-4 4.29E-4 2.79 20.49 

       

2 1.530E-08 3.81E-9 - -75.10 - 

5 5.648E-08 4.96E-8 - -12.18 - 

10 2.720E-03 2.95E-3 4.00E-3 8.45 47.06 

20 3.466E-03 3.65E-3 2.40E-3 5.32 -30.75 

50 1.084E-03 1.08E-3 1.07E-3 -0.36 -1.28 

100 6.301E-04 6.50E-4 6.55E-4 3.16 3.96 

200 4.015E-04 4.11E-4 - 2.37 - 

500 2.798E-04 2.80E-4 3.03E-4 0.06 8.28 

1000 2.443E-04 2.68E-4 2.73E-4 9.69 11.74 

2000 2.322E-04 2.36E-4 2.77E-4 1.64 19.29 
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Table 4.29: S-values for mono-energetic electrons in cell size of (4-5) µm: A comparison of 

Geant4 Penelope Physics model with MCNP and MIRD, along with percentage relative 

differences. 

S-values (Gy/Bq.s) for Cell size  (4-5) µm 

      
Energy (keV) This work 

(Geant4.9.6) 

MCNP MIRD % Difference  

of Geant4 

with MCNP 

% Difference  

of Geant4 

with MIRD 

1 5.950E-04 - 5.94E-4 - -0.17 

2 1.178E-03 1.18E-3 - 0.17 - 

5 2.783E-03 2.78E-3 2.70E-3 -0.11 -2.98 

10 4.596E-03 4.57E-3 4.13E-3 -0.57 -10.14 

20 3.854E-03 3.72E-3 2.66E-3 -3.48 -30.98 

50 1.233E-03 1.20E-3 1.21E-3 -2.68 -1.87 

100 7.100E-04 7.34E-4 7.41E-4 3.38 4.37 

200 4.580E-04 4.59E-4 - 0.22 - 

500 3.150E-04 3.18E-4 3.43E-4 0.95 8.89 

1000 2.740E-04 2.75E-4 3.10E-4 0.36 13.14 

2000 2.600E-04 2.63E-4 3.14E-4 1.15 20.77 

       
1 2.201E-06  4.57E-6 - 107.63 

2 1.763E-05 1.66E-5 - -5.84 - 

5 2.152E-04 2.19E-4 3.04E-4 1.79 41.30 

10 1.192E-03 1.22E-3 1.32E-3 2.37 10.76 

20 1.980E-03 2.03E-3 1.37E-3 2.53 -30.80 

50 5.747E-04 5.70E-4 5.53E-4 -0.82 -3.77 

100 3.263E-04 3.33E-4 3.35E-4 2.04 2.65 

200 2.100E-04 2.15E-4 - 2.39 - 

500 1.445E-04 1.46E-4 1.55E-4 1.06 7.28 

1000 1.258E-04 1.27E-4 1.40E-4 0.97 11.31 

2000 1.195E-04 1.22E-4 1.41E-4 2.11 18.01 

       

2 1.560E-09 1.20E-9 - -23.08 - 

5 2.420E-08 1.26E-8 - -47.93 - 

10 4.559E-04 4.96E-4 7.33E-4 8.80 60.79 

20 1.488E-03 1.64E-3 1.12E-3 10.23 -24.72 

50 4.394E-04 4.25E-4 4.19E-4 -3.27 -4.63 

100 2.451E-04 2.55E-4 2.52E-4 4.03 2.80 

200 1.584E-04 1.60E-4 - 1.03 - 

500 1.089E-04 1.13E-4 1.16E-4 3.73 6.48 

1000 9.523E-05 9.68E-5 1.05E-4 1.65 10.26 

2000 9.009E-05 9.05E-5 1.06E-4 0.46 17.66 
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Table 4.30: S-values for mono-energetic electrons in cell size of (4-6) µm: A comparison of 

Geant4 Penelope Physics model with MCNP and MIRD, along with percentage relative 

differences. 

S-values (Gy/Bq.s) for Cell size  (4-6) µm 

      

Energ(keV) 

 

This work 

(Geant4.9.6) 

 

MCNP MIRD % Difference 

of Geant4 

with MCNP 

% Difference 

of Geant4 

with MIRD 

1 5.950E-04 - 5.94E-4 - -0.17 

2 1.178E-03 1.180E-03 0.000E+00 0.17 - 

5 2.781E-03 2.780E-03 2.70E-3 -0.04 -2.91 

10 4.588E-03 4.570E-03 4.13E-3 -0.39 -9.98 

20 3.843E-03 3.720E-03 2.66E-3 -3.20 -30.78 

50 1.227E-03 1.200E-03 1.21E-3 -2.20 -1.39 

100 7.080E-04 7.340E-04 7.41E-4 3.67 4.66 

200 4.580E-04 4.590E-04 0.000E+00 0.22 - 

500 3.160E-04 3.180E-04 3.43E-4 0.63 8.54 

1000 2.750E-04 2.750E-04 3.10E-4 0.00 12.73 

2000 2.610E-04 2.630E-04 3.14E-4 0.77 20.31 

       

1 9.360E-07 - 1.84E-6 - 96.58 

2 7.160E-06 6.67E-6 - -6.84 - 

5 8.678E-05 8.79E-5 1.22E-4 1.29 40.59 

10 5.782E-04 5.91E-4 7.58E-4 2.21 31.09 

20 1.578E-03 1.60E-3 1.13E-3 1.38 -28.40 

50 4.487E-04 4.38E-4 4.22E-4 -2.38 -5.95 

100 2.493E-04 2.54E-4 2.55E-4 1.88 2.28 

200 1.601E-04 1.64E-4 - 2.47 - 

500 1.104E-04 1.11E-4 1.17E-4 0.59 6.03 

1000 9.633E-05 9.64E-5 1.06E-4 0.07 10.04 

2000 9.135E-05 9.46E-5 1.07E-4 3.56 17.13 

       

2 1.250E-09 2.00E-9 - 60.00 - 

5 7.330E-09 2.10E-9 - -71.35 - 

10 2.647E-05 1.87E-5 1.42E-4 -29.35 436.46 

20 9.626E-04 1.07E-3 8.47E-4 11.16 -12.01 

50 3.019E-04 2.68E-4 2.76E-4 -11.22 -8.57 

100 1.622E-04 1.67E-4 1.65E-4 2.97 1.74 

200 1.040E-04 1.04E-4 - 0.00 - 

500 7.233E-05 7.40E-5 7.58E-5 2.31 4.80 

1000 6.239E-05 6.17E-5 6.84E-5 -1.11 9.63 

2000 5.901E-05 5.49E-5 6.92E-5 -6.96 17.27 
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Table 4.31: S-values for mono-energetic electrons in cell size of (3-7) µm: A comparison of 

Geant4 Penelope Physics model with MCNP and MIRD, along with percentage relative 

differences. 

S-values (Gy/Bq.s) for Cell size  (3-7) µm 

      
Energy (keV) This work 

(Geant4.9.6) 

MCNP MIRD % Difference  

of Geant4 

with MCNP 

% Difference  

of Geant4 

with MIRD 

1 1.410E-03 - 1.40E-3 - -0.71 

2 2.780E-03 2.78E-3 - 0.00 - 

5 6.438E-03 6.42E-3 6.17E-3 -0.28 -4.16 

10 9.863E-03 9.78E-3 8.43E-3 -0.84 -14.53 

20 6.212E-03 5.82E-3 4.52E-3 -6.31 -27.24 

50 2.144E-03 2.10E-3 2.14E-3 -2.05 -0.19 

100 1.244E-03 1.29E-3 1.31E-3 3.70 5.31 

200 8.040E-04 8.04E-4 - 0.00 - 

500 5.560E-04 5.59E-4 6.10E-4 0.54 9.71 

1000 4.850E-04 4.85E-4 5.51E-4 0.00 13.61 

2000 4.600E-04 4.64E-4 5.57E-4 0.87 21.09 

       
1 5.574E-07 - 1.18E-6 - 111.70 

2 4.412E-06 4.27E-6 - -3.21 - 

5 5.564E-05 5.64E-5 7.82E-5 1.36 40.54 

10 3.676E-04 3.75E-4 4.94E-4 2.01 34.39 

20 1.471E-03 1.50E-3 1.03E-3 1.97 -29.98 

50 4.069E-04 3.91E-4 3.77E-4 -3.92 -7.36 

100 2.250E-04 2.24E-4 2.27E-4 -0.45 0.88 

200 1.443E-04 1.47E-4 - 1.90 - 

500 9.904E-05 9.84E-5 1.04E-4 -0.65 5.01 

1000 8.694E-05 8.58E-5 9.43E-5 -1.31 8.47 

2000 8.137E-05 8.47E-5 9.54E-5 4.09 17.24 

       

2 7.400E-10 2.37E-10 - -67.97 - 

5 6.669E-09 3.33E-9 - -50.07 - 

10 2.222E-08 8.62E-9 - -61.21 - 

20 5.626E-04 6.27E-4 6.99E-4 11.45 24.24 

50 2.143E-04 2.07E-4 1.93E-4 -3.42 -9.95 

100 1.155E-04 1.15E-4 1.14E-4 -0.47 -1.34 

200 7.133E-05 7.41E-5 - 3.89 - 

500 5.002E-05 4.95E-5 5.21E-5 -1.04 4.16 

1000 4.290E-05 4.34E-5 4.70E-5 1.16 9.56 

2000 4.079E-05 5.49E-5 4.75E-5 34.58 16.44 
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Table 4.32: S-values for mono-energetic electrons in cell size of (5-10) µm: A comparison of 

Geant4 Penelope Physics model with MCNP and MIRD, along with percentage relative 

differences. 

S-values (Gy/Bq.s) for Cell size  (5-10) µm 

      
Energy (keV) This work 

(Geant4.9.6) 

MCNP MIRD % Difference  

of Geant4 

with MCNP 

% Difference  

of Geant4 

with MIRD 

1 3.050E-04  3.04E-4 - -0.33 

2 6.050E-04 6.05E-4 - 0.00 - 

5 1.446E-03 1.44E-3 1.41E-3 -0.41 -2.49 

10 2.489E-03 2.48E-3 2.30E-3 -0.36 -7.59 

20 2.560E-03 2.52E-3 1.83E-3 -1.56 -28.52 

50 8.040E-04 7.79E-4 7.79E-4 -3.11 -3.11 

100 4.580E-04 4.74E-4 4.75E-4 3.49 3.71 

200 2.960E-04 2.96E-4 - 0.00 - 

500 2.040E-04 2.05E-4 2.20E-4 0.49 7.84 

1000 1.780E-04 1.81E-4 1.98E-4 1.69 11.24 

2000 1.680E-04 1.68E-4 2.01E-4 0.00 19.64 

      
1 2.210E-07  2.55E-7 - 15.38 

2 9.890E-07 9.29E-7 - -6.07 - 

5 1.181E-05 1.22E-5 1.70E-5 3.26 43.89 

10 8.132E-05 8.27E-5 1.10E-4 1.69 35.26 

20 4.681E-04 4.83E-4 4.84E-4 3.17 3.39 

50 2.041E-04 1.92E-4 1.78E-4 -5.93 -12.79 

100 1.061E-04 1.06E-4 1.05E-4 -0.09 -1.03 

200 6.685E-05 6.82E-5 - 2.02 - 

500 4.633E-05 4.63E-5 4.82E-5 -0.07 4.03 

1000 4.017E-05 3.98E-5 4.35E-5 -0.93 8.28 

2000 3.836E-05 3.96E-5 4.40E-5 3.22 14.69 

      

2 0.000E+00 7.99E-11 - - - 

5 2.480E-09 1.17E-9 - -52.82 - 

10 6.400E-09 3.31E-9 - -48.28 - 

20 9.312E-05 9.75E-5 2.10E-4 4.70 125.52 

50 1.199E-04 1.13E-4 9.91E-5 -5.76 -17.35 

100 5.817E-05 5.89E-5 5.71E-5 1.25 -1.84 

200 3.666E-05 3.68E-5 - 0.38 - 

500 2.456E-05 2.50E-5 2.59E-5 1.80 5.47 

1000 2.167E-05 2.19E-5 2.34E-5 1.08 8.00 

2000 2.056E-05 2.00E-5 2.37E-5 -2.73 15.27 
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Table 4.33: S-values (Gy/Bq.s)of various Auger emitters for (4-5) µm cell: comparison of Geant4 and various codes (ETRACK, MC4 and MIRD) 

 

 

 

 

 

 

 

 

67
Ga 

 Source-target 

configuration 

This work 

(Geant4) MC4 

% Diff b/w 

Geant4 and 

MC4 MIRD 

%Diff b/w  

Geant4 and 

MIRD ETRACK 

% Diff b/w 

Geant4 and 

ETRACK  

       3.60E-03 3.62E-03 0.57 3.45E-03 -4.16 3.38E-03 -6.10 

        5.23E-04 5.17E-04 -1.14 6.32E-04 20.85 5.81E-04 11.10 

        1.47E-04 1.41E-04 -4.07 2.64E-04 79.62 2.22E-04 51.04 
125

I 

       6.87E-03 6.87E-03 -0.05 6.60E-03 -3.98 6.25E-03 -9.07 

        6.67E-04 6.94E-04 4.08 5.94E-04 -10.92 6.37E-04 -4.47 

        3.98E-04 4.18E-04 4.93 2.62E-04 -34.23 3.16E-04 -20.67 
99m

Tc 

       1.58E-03 1.59E-03 0.67 1.55E-03 -1.86 1.53E-03 -3.13 

        8.22E-05 8.46E-05 2.95 8.68E-05 5.63 7.41E-05 -9.82 

        4.87E-05 4.80E-05 -1.51 4.76E-05 -2.33 3.90E-05 -19.97 
123

I 

       3.05E-03 3.05E-03 -0.01 2.93E-03 -3.94 2.93E-03 -3.94 

        3.16E-04 3.35E-04 6.10 3.72E-04 17.82 2.66E-04 -15.75 

        2.03E-04 2.14E-04 5.56 1.40E-04 -30.94 1.42E-04 -29.96 
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Table 4.33 shows the cellular S-values for four radionuclide’s and three 

source-to-target configurations, namely, cell nucleus to nucleus      , cell surface 

to nucleus       , cell cytoplasm to nucleus        . S-values are presented 

here for a cell of 5 µm radius, having 4 µm concentric radius. The results are 

compared here with MIRD values and those obtained with ETRACK and MC4 codes. 

Considering Geant4 S-values as reference, the percentage relative differences are 

presented for each code. The relative difference is smaller than 9% for        

configuration in all cases. For combination like         and          the relative 

differences are increased up-to 16 and 51% respectively. Interestingly, these two 

combinations are of particular significance because they mimic the cases of 

internalizing and non-internalizing radio-pharmaceuticals respectively, while 

considering the radio-biologically critical cite, nucleus, as target. The results clearly 

show the heterogeneous distribution of dose inside nucleus considering the activity 

distribution in different cell compartments. The assumption of uniform distribution 

inside cell is clearly tested in table 4.34. where the ratio of the average absorbed dose 

rate to the nucleus, considering the activity distributed inside nucleus, cell cytoplasm 

and surface, to the average absorbed dose rate to the whole cell esteemed with 

uniform activity distribution inside whole cell. It can be seen from table that the order 

of Auger emitters, regarding the highest to lowest S-value, is                

      for        and          combination while for        combination the 

order is                     . In either case the S-value is higher for I
125

 and 

lower for Tc
99m

. 

 The assumption of homogenous and uniform distribution of activity 

throughout the cell can lead to a large overestimation or underestimation of nuclear 

average dose rate (considering the same activity distribution inside nucleus). Since 

nucleus is the most critical site for radio-biological effectiveness of radio-nuclides, so 

these results will clearly change the response of these Auger radio-nuclides. Let for 

example the uptake occurs within nucleus only, the dose rate to the nucleus will be 

under-estimated by ~85-90% when compare to the dose rate value for whole nucleus. 

On the other hand, the dose rate to the nucleus will be over-estimated by10- 27% and 

6-12%, for radionuclide’s distributed within cytoplasm and cell surface respectively. 

These results show that, for Auger electron emitters, the average absorbed dose rate 

strongly depends on whether the activity is distributed outside or inside the cellular 
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nucleus. It clearly highlights the error that can be made when reporting the dose for 

the entire cell when activity is not uniformly distributed inside the whole cell, which 

occurs most of the time. 

Table 4.34: Ratio between Dose rates to the nucleus estimated for three different locations and 

dose rate to the whole nucleus considering conventional dosimetry approach 

Source-target configuration 
67

Ga 
125

I 
99m

Tc 
123

I 

       1.88 1.86 1.89 1.85 

        0.27 0.18 0.10 0.19 

        0.08 0.11 0.06 0.12 

 

S-values of Raji cell for 
123

I and 
125

I are shown in table 4.35. The activity is 

distributed uniformly considering the nucleus, cytoplasm and cell surface as target. 

Comparison has been made for S-values, considering full energy and mean energy of 

the spectrum for the above mention two radio-nuclides. In fact the present results with 

Geant4.9.6 have been compared with S-values obtained by Hindrof et al [208], using 

mean electron energy of the emission spectrum. The percentage values in the 

parentheses correspond to the relative differences between the two studies using 

Hindorfs calculations as reference. The present S-values are obviously different from 

those reported for mean energy, with maximum deviations reaching ~36% and ~81% 

when the whole cell and cell nucleus is the target, respectively. Interestingly, larger 

differences have been found for         and          configurations. 

 

 



Chapter 4 

143 

 

 

Table 4.35: S-values for Raji cells: comparison of mean energy and full energy spectrum of radionuclide 

S-values (mGy/Bq.s) 

Radionuclide Cell radius (µm) Geant4 

       
Mean Geant4 

       
Mean Geant4 

        
Mean Geant4 

        
Mean 

          

 6.35 1.919 (+36.37) 1.407 1.982 (11.04) 1.785 0.398 (-65.69) 1.16 0.281 (-64.56) 0.793 

125
I 7.7 1.135 (+26.54) 0.897 0.971(-10.26) 1.082 0.262 (-61.63) 0.682 0.175 (-61.98) 0.461 

 9.05 0.731 (+18.43) 0.617 0.674 (-12.35) 0.769 0.181 (-58.23) 0.433 0.120 (-56.27) 0.275 

          

 6.35 0.859 (-0.14) 0.86 0.926 (-4.24) 0.967 0.192 (-70.96) 0.662 0.127 (-71.87) 0.453 

123
I 7.7 0.508 (-19.01) 0.627 0.661 (-8.07) 0.719 0.125 (-74.44) 0.487 0.083 (-77.37) 0.365 

 9.05 0.327 (-33.62) 0.492 0.354 (37.12) 0.563 0.084 (-79.02) 0.399 0.054 (-81.32) 0.29 

*The values in the parentheses correspond to the percentage relative differences of Geant4 results with Hindrof et al results [187] 
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4.9.1 Contribution of low energy electrons and beta-particles in S-

values 

Figure 4.43 shows the relative contribution to the S-values of 
131

I from low 

energy electrons (Auger and IC) and beta-particles. The contribution of low energy 

electrons is very prominent in smaller target spheres. It varies from 91% for the 

smallest sphere (10 nm sphere radius), to 9% for the largest one (10 µm sphere 

radius). On the other hand, the contribution of beta-particles increases with the 

increasing of sphere size. This shows the importance of Auger electrons at the cellular 

level which contribute more in the total energy deposition. The contribution of Auger 

and IC electrons to the total S-values of 
125

I, is further explained for various sphere 

sizes. 

The percentage contributions of Auger and Internal conversion (IC) electrons 

in the total energy are shown in table 4.36 for various radio-nuclides. The contribution 

of these electrons is very significant at smaller target volume, having 98% 

contribution for 20 nm sphere size. The percentage contribution of Auger and IC 

electrons to the total S-values of 
125

I, is shown in figure 4.42 for various sphere sizes. 

The contribution of IC electron is 2% for 10 nm sphere radius and increases up-to 

27% for 1 µm sphere radius. The exact contribution of IC electrons depends on the 

percentage contribution in the total energy which is 37% of the total energy. 

 

Table 4.36: Percentage contributions of Auger and Internal conversion (IC) electrons in the total 

energy for various Auger electron emitters 

 

 

 

 

Auger electrons emitters Auger(keV) IC (keV) Total (keV) % Auger %IC 
67

Ga 6.263 28.078 34.341 18.2 81.8 
99m

Tc 0.899 15.383 16.282 5.5 94.5 
111

In 6.75 25.957 32.707 20.6 79.4 
123

I 7.419 20.245 27.664 26.8 73.2 
125

I 12.241 7.242 19.483 62.8 37.2 
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Figure 4.42: Relative contribution of low energy electrons (Auger and IC electrons) and beta-

particles to the total S-value of 
125

I for various. Sphere sizes. 

 

 

Figure 4.43: Plots of relative contribution of low energy electrons (Auger and IC electrons) and 

beta-particles vs. sphere radius, estimated using Geant4. 

4.9.2 Comparison of S-values for spherical and ellipsoidal 

geometries 

Various Auger emitting radio-nuclides are used in nuclear medicine for diagnostic 

and therapeutic purposes. A list of Auger emitters’ spectrum is shown in the table. 
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The ranges of these low energy emitters are below micrometers, which makes it 

unsuitable for organ dosimetry. MIRD methodology considers a uniform dose 

distribution to all cells of an organ. This approach is suitable for high energy emitters, 

thus nullifying the effect on non-uniform activity distribution inside an organ. Even at 

sub-cellular level these low energy electron emitters show a heterogeneous dose 

distribution in various part of the cell. 

Several studies on human and animals show the uptake of Augers electron 

emitters by testes and groin during various diagnostic imaging procedures. The highly 

localized energy pattern makes these isotopes equivalent to alpha emitters. In fact, for 

killing of spermatogonial cells in rate testes, 
201

Tl (Auger emitter used as an imaging 

agent for myocardial perfusion study) is three times more effective than its beta 

counterpart, 
204

Tl. Testes of humans are more sensitive organ, having a tissue 

weighting factor of 0.20, according to ICRP. Because of this high sensitivity, accurate 

absorbed dose estimation is necessary considering the more realistic model for 

germinal cells. There is some concern about the activity uptake by human germinal 

cells and mature spermatozoa form the administered activities of these imaging 

agents. The most sensitive part in the mature spermatozoa and late spermatids is the 

head, having ellipsoidal shapes of different dimensions. Its head consist of nucleus, 

containing a highly condensed matter of the DNA protein, chromatin. Accurate 

dosimetry for mature spermatozoa is essential in order to determine whether 

contraception would be appropriate, for a relatively small period of time after 

administration of the Auger electron emitters. 

A lot of research work has been carried out regarding cellular and sub-cellular 

dosimetry, using various analytical and Monte Carlo techniques. Almost in every case 

spherical model was used, which make this assumption unsuitable for mature 

spermatozoa and late spermatids, having ellipsoidal geometries. The spherical model 

is an overestimation of the ellipsoidal model and produce errors in absorbed dose 

estimation. In the present study S-values have been estimated for 
201

Tl, 
99m

Tc, 
123

I and 

111
In, using ellipsoidal and spherical geometries for various germs cell sizes [209].  

For dose estimation a verity of semi minor and major axes combination have 

been used for ellipsoidal shape. A short axes (1.25, 1.25. 2.5 µm) and long axes 

((1,1,5 µm) to (1,1, 10 µm )) have been considered for ellipsoidal model. In each case 

the same mass of spherical and ellipsoidal model has been taken [210]. S-values are 

estimated by applying Geant4.9.6 Penelope electromagnetic physics model. 
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Table 4.37: Comparison of Geant4 based estimated S-values for Spherical and Ellipsoidal 

models, using various Auger electrons emitting radio-nuclides. 

Isotopes 
 

 
Ellipsoidal Model 

Spherical Model  

 
% Relative 
Difference 

short 

Radius 

(µm) 

Long Radius 

(µm) 
S-value 

(Gy/Bq.s) 
Radius 

(µm) 
S-value 

(Gy/Bq.s) 

       

 
1.25 2.5 0.0237 1.575 0.0238 0.4 

99m
Tc 1 5 0.0185 1.71 0.0189 2.2 

 
1 10 0.0094 2.154 0.0098 4.3 

 
1.25 2.5 0.042 1.575 0.0424 1.0 

123
I 1 5 0.0322 1.71 0.0335 4.0 

 
1 10 0.0162 2.154 0.0174 7.4 

 
1.25 2.5 0.0379 1.575 0.0383 1.1 

111
In 1 5 0.0291 1.71 0.0302 3.8 

 
1 10 0.0147 2.154 0.0158 7.5 

 
1.25 2.5 0.0956 1.575 0.0976 2.1 

201
Tl 1 5 0.0714 1.71 0.0785 9.9 

 
1 10 0.036 2.154 0.0424 17.8 

 

The S-values have been shown in the table 4.37 for both ellipsoidal and 

spherical models, having same volume and masses. The ellipsoidal model is 

considered as a reference for comparison of S-values of spherical model. The S-

values are higher for spherical shape than ellipsoidal one, due to large volume to 

surface ratio. Both short and long axes were considered for ellipsoidal shape. The 

short axes representing the sperm head and long axes representing the deviation which 

may be exist in some cell from spherical shape. For short axes the results of both 

shapes were within 2% deviation, for all Auger electron emitters. The low energy 

auger electron having nanometer ranges, may deposit its energy locally while IC 

electrons having high energy leaked away from target volume, resulting low value of 

deposited energy. But as eccentricity of the ellipsoidal shape increases the percentage 

deviation also increases and become more significant for 
201

Tl. For 
201

Tl, considering 

axes (1, 1, 10 µm), the percentage deviation is 17.8%, which is more than the rest of 

isotopes for same dimension. The reason is due to high values of Auger electrons 

energies which may easy escape from oblate shape ellipsoid as compare to spherical 

shape. The energy and percentage distribution of Auger electrons and internal 

conversion electrons, for each isotope are presented in the table. Considering the 
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special case of sperm head - for radionuclide like 
99m

Tc, 
123

I and 
111

In, the percentage 

deviation is almost 1%, make the spherical shape an appropriate model for sperm 

head modeling. For 
201

Tl the relative error is almost 2% which is considered to be 

acceptable, depends on the accuracy of dose estimated methodology. 

4.9.3 Case study of 
123

I and 
125

I 

At present, there exist two radio-pharmaceuticals, Bexxar and Zevalin, approved by 

Food and Drug Administration (FDA) for treatment of non-Hodgkin`s lymphoma 

(NHL). Zevalin is labeled with 
90

Y while Bexxar is labeled with 
131

I, beta-emitters, 

and make use of cluster of differentiation (CD) 20-targeing Mabs [185]. CD-20- 

targeting Mabs are attached to cell surface receptors and are not internalized inside 

the cell. On the other hand CD22-targeting Mabs, an internalizing antigen, are more 

suitable for tagging of Auger electron emitters.  It has been shown by Hindrof that 
123

I 

and 
125

I, Auger emitters, have great therapeutic potential than 
131

I for treatment of B-

cell lymphoma [208]. However, the dosimetric calculations performed by Hindrof 

were based on a simple condensed history scheme and using the average energy per 

decay for the above three radionuclide’s [187]. In this study, we improve the 

dosimetric calculation of Hindrof by using full energy spectrum of each radionuclide 

and using more versatile low energy Geant4 physics model. We performed dosimetric 

calculations, considering both permanent retention as well as biological elimination of 

radiopharmaceuticals which are internalized inside the cell. 

In the present study the following assumptions have been made. First, for non-

internalizing radio-pharmaceuticals it is assumed that, after administration it bind 

itself to 128000 receptors on cell-surface straight away and remained bound there till 

complete physical decay. Secondly, for internalized radio-pharmaceuticals it is 

assumed that, after initial binding to cell-surface receptors it is entered to cell 

instantaneously. For anti-CD74, a very rapid internalization rate, 10
7 

Mab molecules 

are taken up by cell per day, was adopted by Hansen et al. [211] In each case, on the 

average 0.76 atoms of radio-isotopes are attached a Mab molecule. It also assumed 

that iodine remain trapped inside the cell once it was internalized. The assumption of 

permanent retention is more critical for long half life isotope 
125

I (T1/2= 60 days) than 

short life isotope 
123

I (T1/2=13.2h)  and Hansen et al and Stein et al[212]in-vitro 

experiment show that a sizeable fraction (20-40%) of initial surface bound activity  

can be eliminated within 2-3 days for internalized antigens. The present study is also 
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an extension of the Hindrof and bouses studies, by employing 48 hours biological half 

life. For permanent retention a half life of 13.2 hours and 60 days is considered for 

123
I and 

125
I, respectively. The following expression is used for calculation of activity 

both in internalized and on-internalized case[42]. 

 
    

          

   
                

(4.8) 

Where N is the number of Mabs per cell and            ,    and    is the 

effective, physical and biological decay constants, respectively. For non-internalize 

case         and         , whereas for internalize case   is time dependent and 

can be determine from the following empirical relation. 

                                       (4.9) 

Dose parameters have also been calculated for a more clinically relevant case 

where the whole body absorbed dose is constrained to 500 mSv which related to a red 

marrow dose below the threshold for myelotoxicity. The administered activity     for 

whole body dose of 500 mSv, is 590 MBq for 
125

I and 33GBq for 
123

I. In the present 

study, the fraction of administered activity that is bound to non-specific locations is 

neglected. A maximum activity present in the whole body depends on the total 

number of B-cells in the body and maximum uptake of B-cells. It is assumed that 107 

B-cells/ml present in the blood and a total of 5 ml blood present in the whole body. 

Considering these assumptions, the activity for non-internalized radio-

pharmaceuticals can be calculated using the following expression [39]. 

                  
  

   
       

              
                

(4.10) 

For internalized case the activity can be calculated by: 

 
          

       

   
                

(4.11) 

Where X is the ratio of the number of radio-nuclides atoms after 24h to the number of 

Mabs molecules taken up per cell per day and be calculated by: 

 

   
    

  

 
              

   
       

              
     

        

    

   
  

(4.12) 
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The absorbed dose calculation based on equations (4.8) and (4.10)-(4.11) will 

be called hereafter as maximum and constrained doses, respectively. 

4.9.3.1 Discussions on 
123

I and 
125

I, case study results 

The total absorbed doses to Raji cell and its nucleus for both non-internalized and 

internalized radiopharmaceuticals are presented in table 4.38.  The maximum and 

constrained doses of 
123

I and 
125

I have been calculated by multiplying S-values with 

cumulative activity, which is obtained by integrating equation (4.8) and (4.10)-(4.11) 

respectively. It has been shown in table 4.38 that 
125

I deliver much higher absorbed 

doses to whole cell and nucleus as compare to 
123

I for each source-target 

configuration and cell sizes. The absorbed doses of 
125

I are higher than 
123

I by a factor 

of 2.24 and 14.45 for constrained and maximum doses, respectively. For either 

radionuclide, the maximum absorbed doses for non-internalized case         are 

smaller than for internalized case          by a factor of 97, due to limited number 

of cell surface receptors. On the other hand, when considering the whole body dose 

restricted 500 mSv, the absorbed doses to nucleus is smaller by a factor of 1.30 for 

non-internalized 
125

I          than for internalizing case        . The situation is 

reverse for 
123

I, which deliver higher doses to nucleus by a factor of 2.41 for the non-

internalized case        . It is due to smaller activity that is entered inside the cell 

in case of fixe doses to whole body, for shorter radio-nuclide (
123

I) it is further limited 

by physical decay during the uptake phase. 

We should highlight that, due to large difference in half-lives of two 

radionuclide, the absorbed dose results for internalized radio-pharmaceuticals are 

more dependent on retention time inside the cell. As suggested by the in-vitro 

experiments of Hansen et al and Stein et al , if we use biological half-life instead of 

permanent retention, 
123

I would have delivered much higher dose to nucleus for 

internalized case as compare to 
125

I. So for more realistic calculations we consider a 

biological half-life of 2 days, shown in figure 4.44, which greatly reduced the 

absorbed dose and dose rate of
 125

I, as expected. 

Figure 4.44, shows the constrained absorbed dose rate of 
123

I and 
125

I inside 

the nucleus as a function of time for both internalized and non-internalized cases. The 

absorbed dose rates are based on the activity that gives a whole body dose of 500 

mSv. Due to differences in half lives, the horizontal axis shows the time in hours and 
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days for 
123

I and 
125

I, respectively. In each case the dose rate has been calculated by 

multiplying the activity equation with the corresponding S-value. For internalized 

case, the results are presented for both permanent retention and biological excretion of 

radiopharmaceuticals. 

Considering the dose rate to the nucleus, for constrained whole body doses of 

500 mSv case, 
123

I shows a high dose rate values (~10 times) as compare to 
125

I for 

both internalized and non-internalized case. The same results have been predicted by 

Hindrof et al. for 
123

I, due to its shorter half-life. The absorbed dose rate to the 

nucleus for internalized case          is higher than for the non-internalized 

case       ), for 
125

I. On the other hand the results is opposite for 
123

I. Considering 

the biological half-life, the dose rate is slightly reduced for 
123

I but for 
125

I, the results 

changes drastically with time.  Under this assumption, the dose rate profile shows a 

maximum and a rapid fall-off region which is more pronounced for 
125

I due to its long 

physical half-life as compare to biological half-life. Our findings confirm that, by 

considering the biological excretion from the cell has a great influence on the long 

half-life isotope like 
125

I than on the short half-life isotope (
123

I ). 

Table 4.38: The total absorbed doses (Gy) to Raji cell and its nucleus form total activity 

distributed uniformly in various cell compartments 

Cell Radius 
(µm) 

Total Dose 
(Gy) 

123
I 

(Maximum) 

123
I 

(Constrained) 

125
I 

(Maximum) 

125
I 

(Constrained) 

         5.39E+03 9.46E+00 1.21E+04 1.55E+02 

6.35         5.81E+03 1.02E+01 1.24E+04 1.60E+02 

          1.20E+03 2.11E+00 2.50E+03 3.22E+01 

          1.24E+01 5.75E+00 2.73E+01 2.48E+01 

      

         3.19E+03 5.60E+00 7.13E+03 9.17E+01 

7.7         4.14E+03 7.28E+00 6.10E+03 7.84E+01 

          7.84E+02 1.38E+00 1.65E+03 2.12E+01 

          8.08E+00 3.76E+00 1.70E+01 1.55E+01 

      

         2.05E+03 3.60E+00 4.59E+03 5.91E+01 

9.05         2.22E+03 3.90E+00 4.23E+03 5.44E+01 

          5.27E+02 9.25E-01 1.14E+03 1.46E+01 

          5.25E+00 2.45E+00 1.17E+01 1.06E+01 
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Figure 4.44: The absorbed dose rate for Raji cell (6.35 µm) as a function of time for both 

internalized and non-internalized radio-pharmaceuticals labeled with 
123

I (Top) and 
125

I 

(Bottom). For internalized case, both permanent retention and biological excretion 
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4.10 Dosimetry at Cellular and Sub-cellular level 

In this study we have performed comparative study to compare the S-values and 

absorbed fraction for uniformly distributed mono-energetic low energy electrons 

within and at the surface of spheres of various sizes for. For estimation of these 

quantities Monte Carlo simulation has been used and compares the results with MC4 

simulation code data – which utilizes interaction cross-section data for vapor phase of 

water[189]. Besides that, the results are also compared against the CSDA calculations 

using Cole rang-energy relation, which is adopted by MIRD. In this study we have to 

inspect the limit of applicability of CSDA methodology and also check the sensitivity 

of results with phase effect. Phase effect is basically the influence of non-scalable 

density effect that is used in the electron water interaction model.  

Geant4 based Sub-cellular S-values are depicted in figure 4.45, 4.46 & 4.47 

and are compared with MIRD and MC4 results for uniformly distributed spheres of 

various sizes, for energy range of 0.1-10 keV [144]. The spheres are embedded in a 

large homogeneous unit density medium. In the present study target and source 

regions are same and the activity distribution in other cellular compartment like 

cytoplasm is considered to be very small so that its contribution in the cellular S-value 

is negligible. It is clear from the Figure that S-value is decreases as the volume of 

sphere increases. It is due to inverse proportionality of absorbed dose with the mass or 

cube power of sphere radius. It has been observed that the relative differences are 

increases as the sphere size decreases. Also the maximum relative differences, which 

are occurring for electron energies having ranges comparable to the sphere dimension, 

are shifted to higher energies. From figure it is clear that when the electron 

penetration depth becomes comparable to the sphere size the relative differences 

become maximum which 10-45% for MC4 and 10-30% for CSDA methodology. It 

also notable that the Geant4 based S-values are higher than MIRD values and lower 

than MC4 code data. The difference in the electron penetration depth for CSDA 

methodology and the differences in vapor phase and condensed phase cross section 

attributed to the observed differences in the S-value estimation. Larger penetration 

depth causes more electrons to escape from the target volume and vice versa. At 

higher energies the CSDA methodology results are overestimated as compare to 

Genat4 and MC4 data. For 5 nm radius spherical target, MIRD S-value is almost 45% 

higher than Geant4 based S-value for 10 keV energy. The smaller values of S-value 
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correspond to the production and then the leakage of secondary electrons (delta rays) 

from the target volume while CSDA methodologies neglect the production of delta 

rays. In CSDA methodology it is assumed that energy is deposited only along the 

primary electron track. The secondary production effect will be more as the energy of 

electrons increases beyond 10 keV, resulting more secondary particles will be 

escaping from the target volume depends on the size of volume. It is clear from all the 

graphs that the difference in results at lower energy is due to penetration depth of 

primary electrons while at higher energies it is due to production and then escaping of 

secondary electrons from the target volume. 

Figure 4.48, 4.49 and 4.50 show the absorbed fraction values for both 

uniformly distributed activity inside and on the surface of the sphere. Normally in 

conventional dosimetry the absorbed fraction values are taken to be unity for low 

energy and larger sphere sizes. But here the absorbed fraction is smaller than unity, 

clearly indicating an overestimation of the absorbed doses when using conventional 

dosimetric methodology. It is also clear from the figures that the absorbed fraction 

values for uniform surface distribution is smaller than volumetric distribution - at 

most 50% less than the absorbed fraction values, using volumetric distribution. It is 

critical for those radiopharmaceuticals which are tagged to cell or nucleus surface, the 

absorbed fraction and hence the absorbed dose will be overestimate considering the 

MIRD tabulated S-values. It is clear from figure that for volumetric distribution 

absorbed fraction values are approach to unity for very low energy but for surface 

distribution it never exceeded from 50% because of the isotropic emission of electrons 

from surface of target. The absorbed fraction values are quickly fall-off as the energy 

increases depends on the size of sphere. For volumetric distribution, even for small 

volume like volume of DNA or Chromatin fiber, most of the primary electrons are 

escaping from the target for energies higher than 1 keV. 

The above findings have more significant implications for the optimum radio-

labeling and dosimetry of tagged molecules which are supposed to reach nucleus and 

specific sites like DNA. Generally Auger electron emitters, due to its short range, are 

more suitable for radio-labeling of antibodies which are capable to reach specific sites 

of the genome. Despite of comparatively large mean energy emission per 

transformation (above 1 keV) majority of the Auger emitters having electron energies 

(< 500 eV), having range of the order 10-100 nm comparable to the size of nucleus 
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and DNA. Apart from the advantage of targeted radiotherapy and absence of cross-

doses effect, dosimetry of Auger electron emitters is not so simple and 

straightforward. The determination of exact target volume, intracellular location and 

fraction of tagged antibodies goes to the critical site, are the challenges for Auger 

electron emitters. It is evident from the figure 4.45, if the size of target is less than 

nucleus dimension, then the absorbed fraction graphs will be fall-off steeply for 

energies corresponding to Auger emitters. It will lead to a significant underestimation 

or overestimation of the mean absorbed dose if unrealistic assumptions are adopted 

about the Auger electron spectrum, its decay site and exact accurate dimension. The 

above queries about the over- or- underestimation of absorbed doses are also relevant 

for the risk assessment of any nuclear medicine diagnostic procedures which employs 

90% Auger electron emitters. 



Chapter 4 

156 

 

 

Figure 4.45: Comparison of S-values for uniformly distributed mono-energetic electrons inside 

sphere of 5 nm (top) and 10 nm (bottom) sizes. 
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Figure 4.46: Comparison of S-values for uniformly distributed mono-energetic electrons inside 

sphere of 50 nm (top) and 100 nm (bottom) sizes. 
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Figure 4.47: Comparison of S-values for uniformly distributed mono-energetic electrons inside 

sphere of 500 nm (top) and 1000 nm (bottom) sizes. 
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Volume and Surface distribution for DNA Physics model 

 

Figure 4.48: Absorbed fraction for uniformly distributed mono-energetic electrons inside and at 

the surface of sphere of 5 nm and 10 nm sizes 
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Figure 4.49: Absorbed fraction for uniformly distributed mono-energetic electrons inside and at 

the surface of sphere of 50 nm and 100 nm sizes 
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Figure 4.50: Absorbed fraction for uniformly distributed mono-energetic electrons inside and at 

the surface of sphere of 500 nm and 1000 nm sizes 
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5 Conclusions and Recommendations for Future work 

Radioisotopes are regularly used in nuclear medicine for various types of therapeutic and 

diagnostic procedures. In most of the procedures, a significant amount of absorbed doses 

may be received by some of the radio-sensitive organs. The dose quantification is 

essential for risk and benefit analysis in any application using radio-pharmaceuticals. 

Assessment of internal dosimetry is also an important part for the development of new 

radio-pharmaceuticals.  

Microscopic quantities such as total cross section of gamma photons and CSDA 

ranges of electron in water were compared. It has been found the relative difference of 

Geant4 and NIST XCOM data remains within 4.2%. Similarly CSDA ranges of electrons 

were compared with ICRU report 37 data for water. The percentage differences were up 

to 1.6% between the two data sets. Similarly, macroscopic quantity like “absorbed 

fraction values” were compared with Stabin and Konijnenberg data, for electrons and 

gamma photons. It has been found that the relative differences between the two datasets 

were not more than 7.36% for both cases. 

For patients, comparisons of experimentally measured values of ambient dose 

equivalent using ionization chamber, with Geant4 based Monte Carlo simulations, and 

with results found in literature, show a good agreement.  Similarly, comparison of 

experimentally measured values at 0.5 and 1m distance from neck phantom using 

ionization chamber, with Geant4 based Monte Carlo simulations results show a good 

agreement. 

The summary and conclusions of each part of this thesis is presented below 

Determination of absorbed fraction has been carried out using Geant4.9.6 based 

detailed Monte Carlo simulations. The calculations have been carried out for a variety of 

target geometries including ellipsoidal, cylindrical and spherical cases, and for a verity of 

material compositions ranging from soft tissue, water, bone, lung, brain tissues etc. In this 

work a comprehensive model has been developed for absorbed fraction values for various 

geometries incorporating both electrons and γ-rays. 

 The values of absorbed fractions show a decreasing trend moving away from 

spherical geometries, to ellipsoidal, to cylindrical while the target size remains 

fixed. 
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 The  -rays absorbed fraction values have been found sensitive to material 

composition of targets especially at low energy while for elections, the absorbed 

fraction values remain insensitive to it. 

This study shows that Geant4 code can be used effectively for internal dosimetry 

of thyroid and from the results, following conclusions may be drawn: 

 Geant4.9.6 based calculations of energy deposition per decay and the S-values for 

spherical, ellipsoidal and cylindrical models of human thyroid are in excellent 

agreement with the corresponding results obtained by using MCNP and the 

moment based analytical techniques. 

 Variation of absorbed fraction and S-values with mass clearly indicates that 

keeping the thyroid volume/mass during I-131 therapy may underestimate the 

absorbed dose. 

 The variation of energy deposition per decay with size of thyroid clearly shows 

that water can safely be used to model ICRP- and ICRU-based tissue materials for 

thyroid. 

 For thyroid volume range of 1 – 25 cm
3
 studied in this work, the Geant4 based 

estimated values of the k-factor show good agreement with the corresponding 

MCNP based data. 

 For  -absorbed fractionsfor various geometries of thyroid, the Geant4 results 

remain close to the corresponding EGS4 and MCNP data within 6.667% whereas 

discrepancies up-to 29.032% are observed with the MIRD based results. 

 Geant4 based estimation of absorbed fraction values for  -particles are much 

higher as compared to γ-rays even for same energy and target volume. It has also 

been observed that in the case of I-131 β-particles absorbed fraction values 

increase from 0.88 to 0.97 for developing fetus (10 week to 36 week) which is 

smaller than ICRP over estimated values. 

 The variation of energy deposition per decay with size of thyroid clearly shows 

that water can safely be used to model ICRP-based tissue material for thyroid. 

 The analysis of energy deposition per event basis is consistent with macroscopic 

description of particles energy deposition.  
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 Geant4 based S-value values for both single lobe and double lobe thyroid models 

show a maximum difference 12.5% at smaller thyroid size. S-values for spherical 

while the ellipsoidal model shows the maximum value of relative difference not 

more than 0.8%. 

 The main contribution in the total S-value has been identified as β-particles which 

contribute 99% for small targets and 85.7% for large target sizes. 

 The mathematical anthropomorphic phantoms for thyroid employed in Geant4 

shows a relative difference 4.3% with ORNL published values of S-values. 

Based on the scaled data for Pakistani reference adult man, a mathematical 

anthropomorphic phantom has been developed. For self-irradiated organs, the relative 

differences are smaller for lower energy because most of the energy is deposited inside 

target organs. At higher energy the leakage of the gamma photons from organ volume 

may also contribute to the relative differences. At lower energy the relative difference is 

~4% while at higher energy this increases up-to ~12%. For comparison of MIRD and 

Geant4 SAF values, statistical analysis indicates a good linear co-relation (r  = 0.999) 

between two data sets. Depends on the source and target locations, the values of specific 

absorbed fraction in some cases are smaller by a factor 2~-6 for target organs. However, 

with the increasing of energy these differences are reduces. 

It is expected that these dosimetric estimates obtained here for Pakistani reference 

man will be used for most purposes of planning in Radiotherapy, Nuclear medicine and 

for low level exposures without any tedious enumeration of assumptions and will be 

helpful to provide a baseline data to health physicist in nuclear emergencies. Although 

this stylized phantoms are anatomically unrealistic, but still the volume, shape and 

position of individual organs can be set by adjusting the individuals parameters in the 

equations so that to incorporate the reference data in body phantom. 

DPKs, estimated for water, soft and bone tissues, can be used in combination with 

patient CT data which will provide a proper real time absorbed dose estimation in specific 

patients. These DPKs can be utilized for absorbed dose estimation of line, area and 

volumetric sources, providing geometrical factors for these shapes.  Comparison of 

Geant4 estimated DPKs with three Geant4 models (Standard, Penelope and Livermore) 

and with two standard MC codes like EGS and MCNP, shows that the results were in 

good agreement for 80% of the scaled distances. 
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The significance of absorbed dose estimation at voxel level is inherently related to 

the non-uniform distribution of radio-pharmaceutical activity in tumors and normal 

healthy tissue and also linked with tissue composition and density as well. The study 

revealed that the inclusion of non-uniform activity distribution in the dosimetry 

calculation is able to provide more detail information regarding its potential efficacy and 

relative toxicity. The dose profile obtained at voxel level, which take into account the 

non-uniformity of dose distribution, allows the calculation of radio-biological parameters 

and co-relate with biological effects -a better parameter than the average absorbed dose.  

 From all these studies it’s revealed that voxel dosimetry performed at 3D 

is more appropriate for optimization of patient specific dosimetry and even more robust 

dose effect co-relation can be found for both tumor and normal healthy tissue. The voxel 

S-values, determined from analytical method, can be used in 3D dosimetry as long as the 

uniform tissue composition assumption is valid. For dosimetry of specific tissues like 

bone or lung, the voxel S-values must be evaluated for these tissues explicitly to account 

for the density effect.  These voxel S-values cannot be applied for interfaces of different 

tissues or materials. In fact it would cause errors in estimating dosimetric parameters, 

depends on the specific situation including geometry, density variation, radionuclide and 

activity distribution. In such situation, it would be more appropriate to use direct Monte 

Carlo simulation code instead of using S-values from lookup tables.  

Geant4 based S-values have been estimated for 6 mm voxel size considering three 

different radio-nuclides (
131

I, 
177

Lu and 
188

Re).  It has been concluded that, at smaller 

distances the contribution of electrons is significant (below CSDA range), whereas 

photons are more important at larger distances. The tracking of electrons evidences the 

deposition of energy even beyond the maximum CSDA range, which corresponds to the 

bremsstrahlung photons produced during the transport. As expected, radio-nuclides with 

high-energy photons (e.g. 
131

I) present S values at large distances higher than those 

obtained for isotopes where photons have a lower energy (for both 
177

Lu and 
188

Re) 

Similarly, S-values have been estimated for three different radio-nuclides (
131

I, 

90
Y and 

32
P), as a function of the generalized distance    , for 10 µm voxel size. All data 

series show a similar and decreasing trend with distances. S-values are higher for 
131

I as 

compare to other two radio-nuclides, due to its smaller beta energy, which deposits more 

energy in the nearest neighborhood voxels. Even though, at lager distances the 
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bremsstrahlung photons contribute in S-values of 
90

Y and 
32

P, a pure beta emitters, but 

still high energy of gamma photons of 
131

I dominate over the two radio-nuclides. 

Auger electrons emitting radio-nuclides (
123

I, 
125

I, 
99m

Tc, 
111

In and 
201

Tl)dosimetry 

performed in the present study, are used in nuclear medicine for diagnostic and 

therapeutic purposes. The ranges of these low energy emitters make it unsuitable for 

organ dosimetry. Present study shows that MIRD methodology considers a uniform dose 

distribution to all cells of an organ, is suitable for high energy emitters. The assumption 

of homogenous and uniform distribution of activity throughout the cell can lead to a large 

overestimation or underestimation of nuclear average dose rate. For nucleus uptake only, 

the dose rate to the nucleus will be under-estimated by ~85-90% when compare to the 

dose rate value for whole nucleus. On the other hand, the dose rate to the nucleus will be 

over-estimated by10- 27% and 6-12%, for radionuclide’s distributed within cytoplasm 

and cell surface respectively. These results show that, for Auger electron emitters, the 

average absorbed dose rate strongly depends on whether the activity is distributed outside 

or inside the cellular nucleus. 

The contribution of low energy electrons (Auger and IC) in S-values was very 

prominent in smaller target spheres which varies from 91% for the smallest sphere (10 nm 

sphere radius), to 9% for the largest one (10 µm sphere radius). On the other hand, the 

contribution of beta-particles increases with the increasing of sphere size. This shows the 

importance of Auger electrons at the cellular level which contribute more in the total 

energy deposition.  

Study shows that Geant4 based S-values are higher than MIRD values and lower 

than MC4 code data. The difference in the electron penetration depth for CSDA 

methodology and the differences in vapor phase and condensed phase cross section 

attributed to the observed differences in the S-value estimation. When the electron 

penetration depth becomes comparable to the sphere size the relative differences become 

maximum which is 10-45% for MC4 and 10-30% for CSDA methodology. At higher 

energies the CSDA methodology results are overestimated as compare to Genat4 and 

MC4 data. For 5 nm radius spherical target, MIRD S-values are almost 45% higher than 

Geant4 based S-values for 10 keV energy. The smaller values of S-value correspond to 

the production and then the leakage of secondary electrons (delta rays) from the target 

volume. 
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It is also cleared that the absorbed fraction values for uniform surface distribution 

are smaller than volumetric distribution - at most 50% less than the absorbed fraction 

values, using volumetric distribution. It will be critical for those radiopharmaceuticals 

which are tagged to cell or nucleus surface, the absorbed fraction and hence the absorbed 

dose will be overestimate considering the MIRD tabulated S-values. 

Significant underestimation or overestimation of the mean absorbed dose can be 

observed if unrealistic assumptions are adopted about the Auger electron spectrum, its 

decay site and exact accurate dimension. This over- or- underestimation of absorbed 

doses will also relevant and effect the risk assessment of an Auger electron emitter. Apart 

from the advantage of targeted radiotherapy and absence of cross-doses effect, dosimetry 

of Auger electron emitters is not so simple and straightforward. The determination of 

exact target volume, intracellular location and fraction of tagged antibodies goes to the 

critical site, are the challenges for Auger electron emitters. 

5.1 Recommendations for future work 

In general, internal doses in nuclear medicine are not calculated on patient-by-patient 

basis, but for populations of individuals. Therefore, the absorbed doses that we will 

discuss are in fact doses to a phantom, not an individual, and must be considered only 

estimates. It is good for scientific community to work with these standardized and 

accepted models and use it for both in physics and biology. This has the drawback, 

however, of having weak applicability to any individual of concern. This is, of course, 

true for all applications of internal dosimetry; uncertainties in measured data and models 

are often quite large, and reported dose estimates should be considered rough 

approximations. In this study we only consider physical parameters in internal dose 

calculations regarding radio-pharmaceutical internalization. The biological parameters, 

usually accomplished through studies involving animals or humans, in which the 

distribution, retention, and excretion are quantified and fit to a model. In general, the 

uncertainties in the biological parameters are much greater than those in the physical 

parameters, even when one considers that the dose reported is an average for a 

population. The measured values in a kinetic study, and their applicability to different 

individuals, are probably the utmost source of uncertainty in the model. Both biological 

and physical parameters must be determined for each new radio-pharmaceutical and 

patient, subjected to diagnostic or therapeutic procedure. 
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Realistic models for human organs and body are very useful in nuclear medicine, 

radiotherapy and radiation protection. These models are commonly used in connection 

with Monte Carlo simulation, to study the effects of radiation on human body. Even 

though the mathematical phantoms have considerably contributed to radiation dose 

assessment and several organ models were also been modified and improved but still 

mathematical equations are inherently incapable to describe complexity human anatomy. 

In order to portray the human anatomy realistically, voxel phantom should be build from 

tomographic images obtained through MRI and CT of actual human subjects. The human 

should be from Pakistani population and should include male, female and children. A 

hybrid phantom, which combines the easy-to standardize mathematical equations of 

stylized phantoms and the anatomical realism of tomographic phantoms, should also be 

developed and can be used for dosimetric calculations. 

The dosimetric study should be extended for alpha emitters and heavy ion beam 

therapy. This study should be performed with various radiopharmaceutical and different 

auger emitters. The effect of Auger electron emitters incorporated into DNA, should also 

studied. Geant4 DNA physics model should be used for estimating dosimetric quantities 

at cellular and sub-cellular levels for biological materials. Autoradiography technique 

should be applied to investigate the activity distribution at multi-cellular cellular and sub-

cellular levels. These two parameters will be helpful in determining cell survival cure and 

DNA double strand break. The study should also include: how to estimate tumor control 

probability (TCP) and normal healthy tissue complexity (NHTC). 
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