


Radiation 
in Medicine 
and Biology



http://taylorandfrancis.com


Radiation 
in Medicine 
and Biology

edited by 
Pandit B. Vidyasagar 

Sagar S. Jagtap 
Omprakash Yemul

Pan S ta n fo rd P u b l ish in g



Published by

Pan Stanford Publishing Pte. Ltd. 
Penthouse Level, Suntec Tower 3 
8 Temasek Boulevard 
Singapore 038988

Email: editorial@panstanford.com 
Web: www.panstanford.com

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library.

Radiation in Medicine and Biology

Copyright © 2017 Pan Stanford Publishing Pte. Ltd.

All rights reserved. This book, o r  parts thereof, m ay not be reproduced  
in any form  or  by any means, electronic or  mechanical, including 
photocopying, recording or  any information storage and retrieval system  
now known or  to be invented, without written permission fro m  the 
publisher.

For photocopying of material in this volume, please pay a copying fee 
through the Copyright Clearance Center, Inc., 222 Rosewood Drive, 
Danvers, MA 01923, USA. In this case permission to photocopy is not 
required from the publisher.

ISBN 978-981-4745-92-5 (Hardcover)
ISBN 978-1-315-20656-1 (eBook)

Printed in the USA

http://www.panstanford.com
mailto:editorial@panstanford.com


Contents

Preface xi
Foreword by Dr. Madan M. Rehani xv
Foreword by Prof. K. P. Mishra xvii

Part 1: N e w  T e c h n i q u e s  iN Ra d i a t i o n  T h e r a p y

1. Generation of Bremsstrahlung Radiation from Different 
Low- to High-Z Targets for Medical Applications:
A Simulation Approach 3

Bhushankumar Jagnnath Patil, VasantNagesh Bhoraskar, 
and Sanjay Daga Dhole

1.1 Introduction 4

1.1.1 Historical Background 4

1.1.2 Radiation Therapies for Cancer Diseases 5

1.1.3 Today’s Status in the World and India 6

1.1.4 Importance and Objective 8

1.2 Interaction of Radiations with Matter 9

1.2.1 Interaction of Electrons with M atter 9

1.2.1.1 Elastic collision with atomic electron 9

1.2.1.2 Elastic collision with atomic nuclei 9

1.2.1.3 Inelastic collision with atomic electron 9

1.2.1.4 Inelastic collision with atomic nuclei 10

1.2.2 Interaction of Photons with Matter 10

1.2.2.1 Photoelectric effect 11

1.2.2.2 Compton scattering 11

1.2.2.3 Pair production 11

1.2.2.4 Photonuclear absorption 12

1.2.3 Basic Mechanism of Cell Killing by Radiation 12

1.3 Methodology 15

1.3.1 Monte Carlo-Based FLUKA Simulation 15



1.4 Case Studies 16

1.4.1 Case I: Design of e-g  Target for Radiation
Therapy 16

1.4.2 Case II: An Optimization of Accelerator
Head Assembly for Radiotherapy 22

1.4.2.1 Accelerator head assembly 23

1.4.2.2 Optimization of accelerator head
assembly 25

1.5 Conclusion 29

2. The Investigation of Cobalt-60 Tomotherapy 33

Chandra P. Joshi, Pandit B. Vidyasagar, and L. John Schreiner

2.1 Introduction 34

2.1.1 Tomotherapy 36

2.2 Investigations of an Efficient Co-60 Source Design 37

2.2.1 Description and Validation of the
New Source Code 39

2.2.2 Effect of Rectangular-Shaped Co-60
Source Width on Fan Beam Output 40

2.2.3 Penumbra and Fringe Distance Estimates
for Different Hypothetical Units 42

2.3 Hypothetical Co-60 Tomotherapy Units 44

2.3.1 Intensity-Modulated Fan Beam
Energy Fluence Profiles 44

2.4 Tomotherapy Treatm ent Planning 47

2.4.1 Dose Calculation Program and Monte Carlo
Simulations 48

2.5 Discussion 51

2.6 A Brief Review of Recent Developments in
Co-60-Based RT 53

2.7 Conclusions 55

3. Ferrous Sulfate-Benzoic Acid-Xylenol Orange Chemical
Dosimetry System in Radiotherapy 59
Manoj K. Semwal and Pandit B. Vidyasagar

3.1 Introduction 60

3.1.1 Chemical Dosimetry 61

vi Contents



Contents vii

3.1.2 Fricke System 61

3.1.3 Ferrous Sulfate-Benzoic Acid-Xylenol Orange
Dosimetry System 62

3.1.3.1 Applications of FBX dosimetry in
radiotherapy 62

3.2 Experiments 66

3.2.1 Preparation of FBX Dosimetry Solution 66

3.2.2 Spectrophotometer, Colorimeter and
Optical Density Measurements 68

3.2.3 Determination of Optimum acid 
Concentration and Maximum
Absorption Wavelength 70

3.2.4 Suitability of Polypropylene Tubes for
Irradiation 71

3.2.5 Minimum Measurable Dose with
Colorimeter and Spectrophotom eter 72

3.2.6 In vivo Dose Measurements
with the FBX System 74

3.2.7 Assessing Potential of FBX Dosimeter for
Dynamic Wedge Profile Determination 76

3.2.8 Response of the FBX Dosimeter to a Carbon
Beam 80

3.3 Results and Discussions 82

3.4 Summary and Conclusions 93

3.5 Future Scope 96

4. Radiobiological Effects in Fractionated Radiotherapy
of Head and Neck Squamous Cell Carcinoma Patients 101

Arumugham Balraj, Pandit B. Vidyasagar, N. Chakravarty,
P. K. Thakur, and S. Bhatnagar

4.1 Introduction 102

4.2 Materials and Methods 104

4.2.1 Conventional Fractionation 104

4.2.2 Hyperfractionation 105

4.2.3 External Beam Radiation Therapy on 
Theratron-780E Co-60 Teletherapy
Machine 105



4.2.4 Follow-Up 106

4.2.5 Quality Control and Quality Assurances 106

4.3 Results and Discussion 107

4.3.1 Characteristics of the Patients 107

4.3.2 Disease-Free Survival 110

4.3.3 Formula for Calculation of BED
for Conventional Fractionations 111

4.3.4 Formula for Calculation of BED for
Hyperfractionation 112

4.3.5 Conventional BED Calculations 112

4.3.6 Hyperfractionation BED Calculations 112

4.3.7 Comparison of Conventional and
Hyperfractionation of BED Calculations 112

5. Radio-Electro-Chemotherapy of Cancer: New
Perspectives for Cancer Treatment 117

Pratip Shil, Pandit B. Vidyasagar, and Kaushala Prasad Mishra

5.1 Introduction 117

5.2 Electroporation Technologies 118

5.3 Biophysical Basis o f Electroporation 119

5.4 Combining Radiation with Anticancer Drugs
and Electroporation 120

5.5 New Protocols-Radio-Electro-Chemotherapy 121

5.5.1 Effects on Cancer Cells: In vitro Studies 121

5.5.2 Effects on Tumors: In vivo Studies 123

5.6 Conclusion 124

6. Motivation to Explore New Techniques for Synthesis of
Metal Nanoparticles and Their Immense Importance in 
Biological and Medicinal Applications 129
Kashinath A. Bogle, Vasant N. Bhoraskar, Sanjay D. Dhole,
Megha P. Mahabole, and Rajendra S. Khairnar

6.1 Introduction 130

6.2 Experimental 131

6.3 Results and Discussion 132

6.4 Conclusion 141

viii Contents



Contents ix

7. Gold Nanoparticle-Assisted Radiation Therapy 145

Prabhakar Dongre

7.1 Introduction and Background 146

7.2 Gold Nanoparticle-Assisted Radiation
Therapy 148

7.3 GNP-Assisted Hyperthermia 151

7.4 GNPs Targeted Therapy 153

7.5 Conclusions 154

Part 2: E f f e c t s  o f  lONiZiNG RADiATiONS o n  

BiOLOGiCAL Sy s t e m s

8. The Combined Effect of Hyper-Gravity and
Gamma-lrradiation on Physiology of Wheat Seedlings 161

Sandhya Singh, Sagar S. Jagtap, and Pandit B. Vidyasagar

8.1 Introduction 161

8.2 Materials and Methods 163

8.2.1 Seed Selection 163

8.2.2 Combined Hyper-Gravity and
Gamma-Irradiation Treatm ent 163

8.2.3 Growth Parameters 163

8.2.4 Fluorescence Parameters 164

8.2.5 Proline Content 164

8.3 Results and Discussion 164

8.3.1 Germination Percentage 165

8.3.2 Average Shoot Length 165

8.3.3 Average Root Length 166

8.3.4 Fluorescence Parameters 167

8.3.5 Total Proline Content 168

8.4 Conclusion 169

9. The Study of the Effect of UV-C Radiation on the 
Current-Voltage Characteristics of Chitosan Membranes 175
Ni Nyoman Rupiasih, Made Sumadiyasa, and Putu Erika Winasri

9.1 Introduction 176



9.2 Materials and Methods 179

9.2.1 Materials 179

9.2.2 Preparation of Chitosan Membranes 179

9.2.3 Current-Voltage Measurement 179

9.2.4 W ater Uptake by the Membranes 180

9.3 Results and Discussion 181

9.3.1 Characteristics of Current-Voltage Curves 181

9.4 Conductance of Membranes 182

9.4.1 W ater Uptake by Chitosan Membranes 183

9.5 Conclusion 184

10. Investigating Effects of Radiation Due to Cell Phones 
on Health Parameters of Youngsters during Continuous 
Conversation 187

Sakharam D. Aghav and Pandit B. Vidyasagar

10.1 Introduction 188

10.2 Case Study 197

10.2.1 Methodology 198

10.2.1.1 Sample selection 198

10.2.1.2 Experiments 198

10.3 Results and Discussions 201

10.4  Conclusions 203

10.4.1 Limitations o f the Study 204

10.4.2 Recommendations 204

10.4.3 Scope for Future Work 206

x Contents

Index 211



Preface

Electromagnetic radiation includes radio waves, microwaves, 
visible light, ultraviolet light, and ionizing radiations such as X-rays 
and gamma rays. Although unplanned and accidental exposure 
to ionizing radiation enhances the risk of harm to living beings, 
therapeutic and diagnostic applications of ionizing radiation in 
medicine have tremendously contributed to improvement in 
human health. These medical applications include diagnostic 
radiology, radiation therapy for the treatm ent of cancer, and 
nuclear medicine. After the discovery in 1895  by W. Rontgen, 
X-rays were immediately applied to diagnostic radiography and 
therapy in medicine. Ionizing radiations have also been used for 
food preservation and genetic modification.

Cancer continues to kill millions of people worldwide. 
According to a World Health Organization report (2012 ), the 
number of new cancer cases worldwide is expected to rise by 
about 70%  over the next two decades. More than 60%  of the 
world’s total new cancer cases and 70%  of the world's cancer 
deaths occur in economically backward low- and middle-income 
countries. These countries have limited or least access to cancer 
treatm ent, particularly in high-technology-driven treatm ents 
such as radiation therapy. Radiation therapy is one o f the m ost 
effective modalities of cancer treatm ent; approximately 50%  of 
cancer patients receive radiation therapy in curative, adjuvant, 
or palliative settings during the course of their treatm ent.

Radiation dosimetry is one of the m ost crucial aspects of 
medical applications of ionizing radiation. Accuracy and precision 
of dosim etric quantification and m easurem ent o f absorption of 
radiation energy, i.e., absorbed dose, are vital in standardizing 
and developing therapeutic, diagnostic, experimental, research, 
and commercial applications of ionizing radiation. Radiation 
dosimetry of biological and clinical radiation therapy units has 
a direct im pact on the accuracy and precision of radiation dose 
delivery and hence a significant im pact on success o f thetreatm ent.

The progress of biomedical sciences to the current level owes 
deeply to the constructive role played by physical and biophysical



principles, techniques, and tools. In this era of rapidly evolving 
scientific knowledge and innovations, increasingly complex 
and intelligent technologies have created newer avenues for 
collaboration between the disciplines physical and medical 
sciences. Physical and biophysical methods have played an 
im portant role in the diagnostics and therapeutic strategies for the 
treatm ent of diseases and continue to create unique opportunities 
for multidisciplinary collaboration between medical and physical 
science researchers, including cancer research.

The Department of Physics, University of Pune, India, is one of 
the leading academic and research institutions in India. Traditionally, 
the departm ent has pursued experimental and theoretical research 
in physics. In view of evolving multi-disciplinary trends discussed 
earlier, the focus was later diversified to interdisciplinary research 
and development problems pertaining to interfaces between 
physics, biology, and medicine. These evolving areas of research 
were further expanded to other fields, e.g., radiation biology, 
gravitational biology, and nanoparticle applications.

Prof. P. B. Vidyasagar’s keen interest in interdisciplinary 
research and initiatives has created collaborations between 
academic researchers in the departm ent and clinical physicists 
involved in cancer treatm ent at hospital-based radiation therapy 
facilities. Prof. Vidyasagar’s initiatives led to PhD thesis works in 
im portant areas of medical physics, such as chemical radiation 
dosimetry, radiobiology, and Monte-Carlo sim ulation-based 
investigations o f cobalt-60 tomotherapy, by his hospital-based 
medical physicist students. Other areas of research work in the 
departm ent include diverse topics such as the study of low- and 
high-atomic-number targets for X-ray production, radio-electro 
chemotherapy, nanoparticle applications in radiation therapy, 
effects of altered gravity on various plant seedlings, and other 
im portant areas in biophysics. The interdisciplinary research and 
development work conducted by the physics departm ent over the 
years has produced a significant body of work. This work highlights 
different applications of physics principles in medicine and biology 
and physics’ contribution towards the improvement of human 
health, including the treatm ent of cancer.

The available body of work has inspired us to compile the 
material in this book. The book contains 10  articles and is 
categorized into two parts viz., new techniques in radiation

xii Preface



Preface xiii

therapy and effects o f ionizing radiations on biological systems. 
The chapters are w ritten by academicians, scientists, and clinical 
practitioners with wide experience in their fields. We believe this 
book will be immensely useful to students, teachers, academicians, 
and scientists with interest in interdisciplinary applications 
of radiation physics, including the areas o f cancer therapy, 
nanomedicine, nanobiology, and gravitational biology.

We are thankful to all the em inent academicians and researchers 
who have authored valuable contributions for this book. We 
are grateful to Stanford Chong and Pan Stanford Publishing for 
encouragement and for agreeing to publish this book.

P. B. Vidyasagar
S. S. Jagtap 

Omprakash Yemul
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Foreword by Dr. Madan M. Rehani

The journey from intra-departmental compartmentalization 
to multidisciplinary interaction has been a long one that needs 
augmentation. While compartmentalization serves the purpose of 
in-depth specialization, the nature follows the principle of inter­
dependence. Every species is dependent upon other for effective 
survival. Thus, neither complete dependence nor independence is 
what nature teaches us. We need to see how we can use excellence 
in one field for the benefit of other. Physics has generations of 
history and is crowned with many inventions, whereas medical 
sciences need help of basic medical sciences and paramedical 
and physical sciences to solve never-ending problems. Even 
after centuries, the need of medical sciences for support from 
physical and biomedical sciences will continue. It is in this respect 
that we need to remain cognizant that physicists should always 
feel that they are needed in medical sciences. Rather physicists 
should consider it as their responsibility to contribute to medical 
sciences. Every young graduate in physics should ask him self or 
herself what they are doing to alleviate the suffering of billions of 
humans, and it should create restlessness if there is no involvement 
in solving medical problems. No year should pass without any 
physics departm ent highlighting what it has done to support 
medical sciences. There are countless ways by which physicists 
can contribute. After having spent nearly 4 4  years in medical 
physics, I cannot recall finishing any year when I felt that 365 days 
in the year were adequate for the work at hand. The whole ocean 
always lies unexplored, like the proverbial Newton’s saying. Come 
out of your nutshells and the whole world is open to you. The 
current book goes in the direction of giving a small glimpse of 
what lies ahead for young physicists. The book deals with diverse 
areas as briefly noted below. The new advances in radiotherapy 
and imaging are showing much greater interaction to make 
radiotherapy m ore precise. Physicists are apt at precision and there 
cannot be any radiotherapy facility without a medical physicist. 
This becomes clear from the initial chapters in the current book. 
Investigations into cobalt-60 tomotherapy provide engaging 
actions for medical physicists as also FBX dosimetry for dose 
mapping. Fractionation is the heart and soul of radiotherapy and



xvi Foreword by Dr. Madan M. Rehani

there is ever-increasing need for research. Incorporation of drugs 
into liposomes when combined with the application of electrical 
pulse provides challenging opportunities. Nanoparticles are 
currently gaining importance. Their synthesis and application in 
cancer imaging and therapy are discussed. Results of studies on 
change in m embrane conductivity as a result of UV-C radiation are 
presented and finally attention has been drawn to the potential 
effects of the low level of non-ionizing radiation from mobile 
phones. It is natural for any new physicist to go through the cycle 
of enthusiasm, rational understanding, and critical assessm ent 
before being able to contribute. The availability of information 
in modern time is not lacking. W hat is becoming limiting is the 
human capacity and capability to grasp. One needs to be aware 
that there is no substitute for hard work of learning adequately in 
any area. I congratulate all involved in this book for taking a step 
that has the potential to show direction to young physicists what 
lies ahead, a vast ocean indeed, when they enter the arena of 
bio-medical sciences. Happy reading.

Dr. Madan M. Rehani
M assachusetts General Hospital, Harvard M edical School, USA 

Director, Global Outreach on Radiation Protection 

Vice President, International Organization for M edical Physics 

Secretary, Protection in M edicine Com m ittee 

of International Com m ission on Radiological Protection (ICRP) 

Adjunct Professor of Radiology and M edical Physics, Duke University, USA



Fighting Cancer by Radiation 
Foreword by Prof. K. P. Mishra

I feel honored to be asked to write a foreword to the book 
R adiation  in B iology an d  M edicine, edited by Pandit B. Vidyasagar 
and coeditors. Driven by my desire for seeking updates, I went 
through the volume with deep curiosity and found a comprehensive 
account of physical, chemical, and biological aspects of radiation 
therapy of cancer. Over the years, I have often felt the need of such 
a publication for the benefit o f radiation researchers, clinicians, 
medical physicists, and instrum ent engineers. The book is a worthy 
source of reading, research, and reference.

Let me begin by recalling that the world of science witnessed 
unusual excitem ent with the chance discoveries o f X-rays by W. R. 
Roentgen and radioactivity by Henri Becquerel at the end of 19th 
century. Despite revolutionary progress, the world is faced with 
increasing incidence of cancer, and each year 8 -1 0  million patients 
succumb to cancer. In clinics, apart from surgery and chemotherapy, 
ionizing radiation-based radiotherapy is a frequently employed 
modality for treatm ent of cancer patients. Radiation kills cells, 
but it equally kills normal as well as tumor cells. Consequently, 
often, patient treatm ent by radiation has to be abandoned due 
to unacceptable adverse effects on their body. The challenge for 
the success o f radiotherapy lies in designing the radiation source 
machines capable of delivering the dose targeted to diseased 
organ thereby minimizing exposure to adjacent cells. In addition, 
radiobiological research on cells, animals, and humans needs to 
identify molecular targets in tumor cells for their selective radiation 
killing while sparing the normal cells/tissues from harmful effects.

Early teletherapy machines used Cobalt-60 radiation source, 
which suffered from limitations of focused beam  to the target, but 
constant technical refinem ent helped developing medical linacs 
offering isocenter dose delivery and flexibility of using electrons 
or X-rays for radiotherapy. This book gives an interesting account 
of technological progress from cobalt teletherapy machines to 
present-day medical linacs commonly employed in cancer therapy.



My irresistible interest in radiobiology and cancer research 
drives me to constantly watch progress especially in evaluating 
and analyzing available commercial radiation sources and 
newer radiobiological findings on cellular response to radiation. 
In accepting to write these lines for the book on radiation in 
biology and medicine, I am primarily guided by my urge to learn 
of recent advancements in the field. I must share that my curiosity 
was incredibly sustained in reading of the chapters from beginning 
to the end. Contributions have been meticulously organized making 
the volume a smooth and interesting reading for beginners as well 
as specialists in the field.

W ithout doubt, focused dose delivery to the tumor site is 
central to improving the quality of radiotherapy. In this regard, 
an impressive account has been provided on the generation of 
bremsstrahlung radiation from materials of low to high atomic 
number by S. D. Dhole and his colleagues using FLUKA simulation 
in optimizations of neutron dose level within acceptable limits. The 
issue of the quality of the radiation beam has further been extended 
by Joshi, Vidyasagar, and Schreiner, who utilized the Monte Carlo 
Code system to improve Co-60 source design for applications in 
tomotherapy. A systematic account has been given to determine 
potential radiation output enhancem ent for a fan beam with 
cylindrical and rectangular beam  shapes. It is noteworthy that the 
suggested Co-60 source design with rectangular beam  shape offers 
effective conformal dose delivery to patients in radiotherapy and 
tomotherapy. Radiobiological studies have revealed fractionation 
of total radiation dose to patients for maximizing the radiotherapy 
outcome by reducing adverse effects on normal tissues. However, 
challenge to basic radiobiologists and clinicians continues for the 
optimization of the treatm ent protocol in fractionated radiotherapy 
by reducing adverse radiation effects to healthy tissues but effectively 
killing tumor cells especially useful in the treatm ent outcome of 
squamous cell carcinoma for head and neck cancer patients.

It is pertinent to accurately quantify and control radiation 
doses given to patients in radiotherapy. I enjoyed refreshing my 
mind with a comprehensive account presented on the essential 
features of radiation dose m easurem ent by ferrous sulfate-benzoic 
acid-xylenol orange (FBX) chemical dosimeter. The protocol is 
capable of determining radiation dose in diverse applications with

xviii Fighting Cancer by Radiation Foreword by Prof. K. P. Mishra
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photon- and electron-based radiotherapy. However, the need for 
further extensive research is much justified to develop a suitable 
dosimeter by overcoming the shortcomings of gel dosimetry.

More often, the treatm ent of cancer patients fails because cancer 
cells acquire resistance to radiation and therapeutic drugs. The 
mechanism of resistance is attributed to the non-internalization 
of drugs into target cells. A novel approach recently developed to 
deliver otherwise im perm eant drugs into tumor cells employs 
the electroporation technology, which is based on a biophysical 
method of permeabilization of cell membrane. The research work 
of Pratip Sil and others in our group as well as the progress made 
in other laboratories around the world have made significant 
improvements in enhancing the radio and drug toxicity to tumor 
cells. A novel method of radio-electro-chem otherapy developed 
recently opens exciting new prospects for effectively dealing with 
untreatable cancers. It is hoped researchers would find it stimulating 
and engage themselves in optimizing this approach for practical 
clinical applications.

In past years, nanoscience and technology have opened 
exciting new vistas for the diagnosis and treatm ent o f many 
diseases. To highlight growing new technologies, a chapter focuses 
on radiation-assisted synthesis of metal nanomaterials enabling the 
fine-tuning of defined molecular sizes and permitting multi­
directional distribution of nanodrugs in the tumor volume. 
This novel synthetic protocol offers enormous new insights for 
improving tumor radio-toxicity. A potential formulation of gold 
nanoparticles is a frequently utilized approach in the radiotherapy 
of cancer, which has been adequately and lucidly described by 
Prabhakar Dongre of Mumbai University. However, the formulations 
require standardization and optimization for fruitful applications 
in clinic.

In view of the rapidly growing space expeditions, the area of 
space radiobiology has becom e a fascinating research direction 
with considerable implications to future space explorations. 
It is indeed interesting to understand the combined effects of 
altered-hyper-gravity and cosmic radiation on plants in controlled 
conditions. It is observed that the combined external agents cause 
deleterious effects on the growth of wheat seedlings and rendered 
the seed more sensitive to stress. This line of research is highly 
relevant to future space programs and intensified research is highly



warranted. The effects of UV radiation on the properties of cellular 
m embranes are of profound im portance for evaluating cellular 
responses. The editors have appropriately included studies on 
UV-induced alterations in the properties of chitosan membrane. 
Studies have shown the influence of UV on alterations in the 
permeability o f the cellular membrane. It is suggested that care be 
taken during the sterilization processes and practical use of the 
designed membrane.

The effects of mobile towers and mobile phone radiation 
on human health are controversial at present. The editors have 
thoughtfully included a chapter on this im portant topic. Because 
sample size is smaller and limited to adults, firm conclusions are 
difficult, but more intense research is highly suggestive. Some 
useful inputs have been provided for the reduction of radiation 
exposure by using cell phones only in emergency, curtailing the 
talk time, and communicating by text whenever possible.

I am immensely im pressed with the wide range of frontline topics 
covered in this fascinating book devoted to cancer radiotherapy. 
Needless to say, the rich contents of the book will prove to be a 
good reference and will help catalyze future advances in the 
improvement of the radiation therapy of cancer patients. Readers 
will feel inspired and motivated to take up the challenges of 
problems related to human health.

Prof. K. P. Mishra, PhD
Present: Professor Em eritus, BM International Research Center 

Jain Vishva Bharati Institute (Deem ed University), Ladnun, Rajasthan, India

Form er Senior Scientist and Head 

Radiation B iology and Health Sciences Division 

Bhabha Atom ic Research Centre, G overnm ent of India 

M um bai, M aharashtra, India 

Form er Vice Chancellor 

Nehru Gram  Bharati University, A llahabad, Uttar Pradesh, India 

Em ail: m ishra_kaushala@ rediffm ail.com
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Chapter 1

Generation of Bremsstrahlung Radiation 
from Different Low- to High-Z Targets 
for Medical Applications: A Simulation 
Approach

Bhushankumar Jagnnath Patil,a Vasant Nagesh Bhoraskar,b 
and Sanjay Daga Dholeb
aDepartment o f  Physics, Abasaheb Garware College,
Karve Road, Pune, India
bDepartment o f  Physics, Savitribai Phule Pune University,
Ganeshkhind, Pune, India

sanjay@physics.unipune.ac.in

When high-energy electrons pass through a target (e-g  target), 
it generates a cascade shower of bremsstrahlung radiation with 
continuous energy spectrum shows an end point equal to the 
electron kinetic energy. A study of bremsstrahlung spectra from 
6 -1 8  MeV electron beam on different e-g  targets were carried out 
using FLUKA simulation. The study includes different materials 
as bremsstrahlung producing targets with variation of target 
thickness. The contribution of electrons, positrons and neutrons 
in the bremsstrahlung dose were calculated for each case and 
reported in the chapter. The data generated will help researchers 
and medical physicists to take precise right hand data of flux
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and energies of bremsstrahlung radiations to be used for desire 
object in radiation therapy. Moreover, for production of a clinical 
photon beam (radiotherapy application), the design of accelerator 
head assembly was optimized using 15 MeV electrons. The 
e-g  target, primary and secondary collimator, were designed in 
Monte Carlo based FLUKA code and the corresponding neutron 
dose equivalent and the gamma dose at the patient plane were 
estim ated at various field sizes. The maximum neutron dose 
equivalent observed near the central axis o f 30 x 30 cm2 field 
and has a value 36.6 mSv/min. This is 0 .61%  of the central 
axis photon dose rate o f 60 Gy/min. The values fall within the 
allowed limit by International Electrotechnical Commission (IEC). 
The dimensions of the collimators and filters were optimized 
in such a way that the neutron dose equivalent estim ated is 
below the allowed limit in the therapy beam.

1.1 Introduction

1.1.1 Historical Background

In the late 19 th century, Roentgen, Becquerel and Curie discovered 
the X-rays, natural radioactivity, and isolated radium, respectively 
[1]. However, X-rays were immediately applied to diagnosis 
and therapy in medicine. These discoveries paved the ways for 
radiation therapy. Five years after the discovery of radium, it 
was used for the first time to treat skin cancer. In 1913, Coolidge 
developed hot cathode X-ray tube, which enables external beam 
radiotherapy. Around 1920, brachytherapy was widely used to 
treat accessible tumors with radium needles or tubes [1]. To 
address the question of radioprotection International Commission 
on Radiological Protection (ICRP) was created in 1928. Moreover, 
at the same time the ionizing chamber and Geiger Muller chamber 
was also discovered to m easure the accurate dose received by 
patients.

Later on, teletherapy unit was designed by using cobalt-60 
source o f high-energy gamma rays. The Co-60 gamma radiation 
unit was invented by H. E. Johns in Canada in the early 1950s 
for radiotherapy. The first telecobalt unit was installed in 
Hamilton, Canada, and widely used worldwide [1]. The only 
disadvantage while working with the radioactive sources was

4 Bremsstrahlung Radiation from  Different Low- to High-Z Targets



Introduction  5

to manage the waste. This leads to the replacem ent of Co-60 
teletherapy with a linear accelerator. During the first 50 years 
of radiotherapy, the technological progress was relatively slow 
and mainly based on X-ray tubes, Van de Graaff generators, and 
betatrons. The concurrently developed medical linacs, became 
the m ost widely used radiation source in modern radiotherapy. 
With its compact and efficient design, the linac offers excellent 
versatility for use in radiotherapy through isocentric mounting 
and provides either electron or megavoltage X-ray therapy with 
a wide range of energies [2 -4 ]. The technology of radiation 
production has first been aimed to get higher photon and electron 
beam energies and intensities, and more recently towards 
computerization and intensity modulated beam  delivery [5, 6].

1.1.2 Radiation Therapies for Cancer Diseases

Cells are the basic units of human body; in a normal body, 
cells grow, divide to make new cells, and die in an orderly way. 
Cancer begins when genetic changes impair this orderly process 
and it is because of changes to DNA (deoxyribonucleic acid) of a 
cell. In a normal cell, when DNA is damaged, the cell either 
repairs the damage or dies. In cancer cells, the damaged DNA is 
not repaired, but the cell does not die like it should. Instead, 
the cell goes on making new cells that the body does not need. 
These new cells all have the same damaged DNA as the first cell 
does. Such abnormal cell growth in any part of the body causes 
cancer. These cells may form a mass called a tumor. As a cancerous 
tumor grows, the bloodstream  or lymphatic system may carry 
cancer cells to other parts of the body. For m ost cancers, a biopsy 
is the only way to make a definite diagnosis. Different types of 
cancer can behave very differently. For instance, lung cancer and 
skin cancer are very different diseases. They grow at different 
rates and respond to different treatm ents. Therefore, the correct 
treatm ent related to type of cancer is m ore im portant for cancer 
patient [7].

There are different ways o f cancer treatm ent. The mostly 
used cancer treatm ents are surgery, radiation therapy, and 
chemotherapy. Surgery is a procedure in which a doctor with 
special training, called a surgeon, removes cancer from the patient's 
body. In radiation therapy, high radiation doses are used to kill



cancer cells and shrink tumors. At high doses, radiation kills 
cancer cells or slows their growth. While in chemotherapy, drugs 
are usually used to kill cancer cells. Most patients have a 
combination of treatm ents, such as surgery with chemotherapy 
and/or radiation therapy. Radiation may be given before, during, 
or after surgery. The aim of radiation therapy to use before 
surgery is to shrink the size o f the cancer. It may be used during 
surgery, so that it goes straight to the cancer without passing 
through the skin. Radiation therapy used this way is called 
intraoperative radiation. Sometimes radiation therapy is used 
after surgery, to kill any cancer cells that may remain or left in 
the surgical part of the body [7].

There are two main types of radiation therapy: One is an 
external beam and the other is located internally itself. External 
beam radiation therapy comes from a machine. Based on the 
tumor position and size, the type of radiation and the respective 
energy is decided. Internal radiation therapy is a treatm ent in 
which a source of radiation is put inside the patient's body. The 
radiation source can be solid or liquid. Internal radiation therapy 
with a solid source is called brachytherapy. It is used to treat 
cancers of the head and neck, breast, cervix, prostate, and eye. 
Liquid forms of internal radiation are m ost often used to treat 
thyroid cancer [7].

1.1.3 Today's Status in the World and India

Presently, there are more than ten thousand of accelerators 
running all over the world, out of which alm ost 50%  are devoted 
to the medical applications. The main areas of use are 
radioisotopes production, radiography, and conventional 
radiotherapy with electron and photon beams [8]. Electrons 
and photons were found to be good mem bers of radiation 
therapy for treating the cancer years ago. This is because of their 
high penetrability, low linear energy transfer (LET) to exhibit 
damage to the normal cell, and unique characteristics of dose 
distribution at depth [9, 10]. With the advent of high-energy 
linear and circular accelerators, electrons/photons have become 
a viable option in treating superficial tumors up to the depth of 
about 5 -1 0  cm [11, 12].
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External beam  radiation therapy is also carried out with 
heavier particles such as neutrons produced by neutron 
generators and cyclotrons; protons produced by cyclotrons and 
heavy ions (helium, carbon, nitrogen, argon, neon) produced by 
Van de Graaff, synchrocyclotrons, pelletrons, and synchrotrons. 
In case o f neutrons, the recoils and nuclear disintegration product 
contributing to the dose are responsible for a high-energy 
transfer to the biologically active molecules and destroy them 
in turn. High relative biological effectiveness (RBE), LET 
characteristics, and comparatively good dose distribution 
advantage are the main features o f neutron therapy. As the 
biological effectiveness of neutrons is high, the required tumor 
dose is about one third the dose required with photons. Therefore, 
neutron therapy is presently realized in two versions: neutron 
capture therapy (NCT) and fast neutron therapy (FNT). In NCT, 
the isotope with large absorption cross section for thermal/ 
epithermal neutrons is introduced into the body mainly through 
the blood, while FNT uses fast neutron with high penetrability 
and treats the malignant tumors of the head, neck, dairy gland, 
osteogenous sarcomas, etc. The limitations have been mainly 
due to difficulty in generating neutron particles as well as the 
construction of such treatm ent facilities [13, 14].

Proton beam s are also a newer form of particle beam 
radiation used to treat cancer. They can offer better dose 
distribution due to its unique absorption profile in tissues, 
known as the Bragg peak, allowing the deposition of maximum 
destructive energy at the tumor site, while minimizing the 
damage to healthy tissues along their path. These have particular 
clinical use in pediatric tumors and in adults tumors located near 
critical structures such as spinal cord and skull base tumors, 
where maximal normal tissue sparing is crucial [15]. Particle 
radiation has higher LET than photons with higher biological 
effectiveness. Therefore, these forms of radiations may be more 
effective to the radio-resistant cancers such as sarcomas, renal 
cell carcinomas, melanomas, and glioblastoma [16]. However, 
the equipment for the production of particle radiation therapy is 
considerably more expensive than for photons. The decreasing 
costs of cyclotrons are likely to result in a wider use of proton 
beam therapy in the future [17].



1.1.4 Importance and Objective

Mega electron voltage (MeV) bremsstrahlung produced by 
medical accelerators is a common form of treatm ent modality 
for malignant tumors that occur at depth below the skin surface. 
The aim of radiation therapy is to deliver a sufficiently high 
absorbed dose to a defined target volume resulting in the 
eradication of the tumor with as minimal damage as possible to 
the surrounding healthy tissues [10]. Electron beams are used 
either as the primary mode of radiation therapy or combined 
with photon beams. Photon beams with energies higher than 
10 MeV are preferred if  doses should be delivered to larger depths 
(e.g., for the treatm ent of prostate cancer) and to enhance the 
skin sparing. In radiation therapy with external radiation beams, 
the absorbed dose at the specific point in a patient should be 
known with an overall uncertainty of 3.5%  [14, 18, 19]. The main 
reason for the requirem ent o f high accuracy in dose delivery is 
typically narrow margin between the dose needed for tumor 
control and the dose causing complications for healthy tissues. 
Besides an individual treatm ent, the high accuracy in dose delivery 
is essential to enable a reliable analysis and a comparison of 
results o f different radiation therapy techniques and modalities 
[19]. Therefore, the knowledge of the energy spectra and angular 
distribution of photon beams at the point of application is 
essential for accurate dose calculations [20]. The bremsstrahlung 
energy spectrum in the central part of a photon beam is 
somewhat harder than in the region near edge of the beam. 
Consequently, the relative depth dose in tissue will vary as a 
function of distance from the beam  axis. Moreover, variation of 
spectrum across the beam is also im portant when calculating 
transm ission through a block or a compensating device [20]. 
Knowledge of the angular distribution of photons is useful 
when calculating dose near the beam boundaries.

The emission of bremsstrahlung from a target also generates 
neutron if  the incident energy goes beyond 10 MeV. The biological 
effectiveness of neutrons is substantially higher than that of 
photons [21]; therefore even a small neutron dose will increase 
the risk for secondary cancer. Therefore, it is necessary to know 
the contamination of positron and neutron in bremsstrahlung 
beam to minimize unwanted dose to the patient's body. Moreover,
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the clinically applicable photon beam  is produced in an e-g  
target, flattened with a flattening filter, collimated in primary 
collimator, and beam  shaping done using secondary collimator. 
It is necessary to minimize the contribution of neutrons while 
designing such accelerator head assembly. For this work, FLUKA 
simulations have been carried out to evaluate the photoneutron 
yield and spectra produced through accelerator head assembly 
of 15 MeV medical linac as a function of the radiation field sizes. 
Therefore, in the present chapter, considering the importance 
of bremsstrahlung radiations in the medical field, the actual 
evaluation and designing aspect of the associated accessories 
of the sources have been studied thoroughly.

1.2 Interaction of Radiations with Matter

1.2.1 Interaction of Electrons with Matter

In an absorbing material, an electron is slowed down and finally 
brought to rest by the combined action of all four of these elastic 
and inelastic processes.

1.2.1.1 Elastic collision with atomic electron

An incident charged particle may be elastically deflected in the 
field of the atomic electrons of the struck atom. Such collisions 
are significant only for the case of very-low-energy (<100 eV) 
incident electrons.

1.2.1.2 Elastic collision with atomic nuclei

The incident particle is elastically deflected in the field of nucleus. 
This is a radiative free process. The deflection due to nucleus 
will take place at an angle greater than 90°. Cross section for 
this process is very small.

1.2.1.3 Inelastic collision with atomic electron

The incident electrons lose their energy while passing through 
matter. During such inelastic collisions, the incident electron 
transfers part of its energy to a bound atomic electron taking it 
to an unbound state (ionization) or an excited state (excitation). 
The cross section is proportional to Z of target and E  of incident 
electron beam.



1.2.1.4 Inelastic collision with atomic nuclei

The incident electron passing through the field of a nucleus 
experiences a deflection with a resultant emission of radiation. 
This process is known as bremsstrahlung. This leads to loss of 
kinetic energy of the incident electron in the form of radiation 
loss. The rate of energy loss by this interaction is proportional 
to Z 2, where Z is the atomic number of the target atom [22].

The collisional energy loss is predominant for light elements 
and at low electron energies while radiative losses start becoming 
comparable only at high electron energies and for heavy targets. 
When a charged particle is either accelerated or decelerated in 
an electric field, electrom agnetic radiations may be given off. 
If an electron passes close to nucleus while traversing a substance, 
the charge Z on the nucleus will exert a force on the electron. 
This will cause its path to be bent. During this acceleration, 
the electron may radiate energy of any amount from zero up to 
its total kinetic energy (Ek ) in the form of bremsstrahlung. The 
total bremsstrahlung per atom is roughly proportional to (Z/m)2, 
where Z is the atomic number of the absorbing m atter and m  
is the mass of the charged particle. Because of a 1/m2 dependence, 
the amount of bremsstrahlung is alm ost completely negligible 
for all particles except electrons, unless the particle energy is in 
the GeV range. As a electron traverses matter, it suffers many 
“soft” or “glancing” collisions with the atoms along its path. At 
each collision the particle loses energy and changes its direction 
slightly. The net result is that the electrons path is very 
tortuous. The range of the particle (ft) (gm/cm2) is defined as the 
minimum thickness required of an absorber to stop the particle 
(electron).

1.2.2 Interaction of Photons with Matter

Different interactions dominate for different photon energies. 
The main modes of interaction of gamma rays with m atter are 
the photo effect in its both photoelectric and photonuclear 
forms, Compton scattering, and electron positron pair production. 
To a minor extent, photofission, Rayleigh scattering, and Thomson 
scattering also occur.
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Figure 1 .1  Interaction of electron with the matter.

1.2.2.1 Photoelectric effect

In this process, the photon is absorbed by an atom and expels an 
electron by losing all its energy in one interaction. The probability 
of photoelectric absorption is inversely proportional to the gamma 
photon energy and proportional to atomic number o f the atom (Z5). 
The probability is greater for the more tightly electron. The kinetic 
energy Ee of the em itted photo electron is given by (hg -  Eg) [23].

1.2.2.2 Compton scattering

In this process, the gamma ray interacts with a free or weakly 
bound electron and transfers part of its energy to electron. 
The photon is scattered through an angle 6 with an energy Eg 
while the electron recoils with kinetic energy (Ee) at an angle f . 
The kinetic energy of the electron is equal to the difference of 
the energy lost by the gamma ray and the electron binding 
energy: Ee = hg -  Eg. The probability for this process is weakly 
dependent on E  and Z. The interaction probability depends on 
the electron density, which is proportional to Z/A and nearly 
constant for all materials.

1.2.2.3 Pair production
In this process, the gamma ray loses all its energy in one interaction. 
A gamma ray with an energy of at least 1 .022 MeV can create
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an electron-positron pair when it is under the influence of the 
strong electrom agnetic field in the vicinity of a nucleus. A photon 
cannot create an electron-positron pair in free space, as the 
process cannot conserve momentum and energy. In this 
interaction, the nucleus receives a very small amount of recoil 
energy to conserve momentum, but the nucleus is otherwise 
unchanged and the gamma ray disappears. A heavier nucleus 
takes less recoil energy. This interaction has a threshold of
1.022 MeV because that is the minimum energy required to create 
the electron and positron. If the gamma ray energy exceeds
1.022 MeV, the excess energy is shared between the electron 
and positron as kinetic energy. Above the threshold, the 
probability of the interaction increases rapidly with energy. 
The probability of pair production is proportional to the square 
of the atomic number Z and is significant in high-Z elements [23].

1.2.2.4 Photonuclear absorption

It is a form of photoelectric effect where the photon is absorbed 
in a nucleus. When the energy of the photon is higher than 
the binding energy of the least bound neutron, photo neutron 
emission becomes possible. The reaming energy is shared as 
kinetic energy between the neutron and the residual nucleus. The 
photoneutron production threshold energy varies in general from 
8 to 19 MeV for light nuclei (A < 4 0 ) and 6 -8  MeV for heavy nuclei
[24]. However, for a few light elements such as deuterium and 
beryllium, threshold energy is 2 .226  and 1 .666 MeV, respectively
[25]. The cross section of this process is generally small, but 
peaks in the region of the nuclear “giant resonance.” Neutrons 
are produced through following different mechanisms based on 
the incident photon energy as, giant dipole resonance (Eth(n) 
< E  < 30 MeV), Quasi-Deuteron Region (30 MeV < E  < 200  MeV), 
Delta Resonance (E > 140  MeV) and vector meson dominance 
(in high-energy region above delta resonance). The boundaries 
between the four energy domains are not sharp and depend 
somewhat on atomic number.

1.2.3 Basic Mechanism of Cell Killing by Radiation

The biological target of radiation in the cell is DNA. Radiation can 
directly interact with cellular DNA and cause damage. In such 
case, the dose of radiation absorbed correlates directly with
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the energy of the beam  and its deposition of energy in tissues, 
which results in damage to DNA strands and diminishes the 
cell’s ability to replicate indefinitely. Moreover, the indirect 
DNA damage can cause by the free radicals, derived from the 
ionization or excitation of the water component of the cells. 
Figure 1.3 shows the cell killing mechanism in the body.

Figure 1 .2  Interaction of photons/gamma with the matter.

Figure 1 .3  Cell killing mechanism.
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The primary effect of radiation is the ionization of the 
water molecule,

H2O Radiation > H2O+ + e-

H2O+ + e- ^  H2O- 

These molecular ions further break down 

H2O+ — H++OH 

H2O- — H + OH-

Thus, although the H+ and OH- ions will recom bine to form 
water molecule, highly reactive free radicals H and OH still 
remain and can react with the molecule of the cell nucleus. If R-H 
is such a molecule then we get

R -H  + OH — R + H2O

The free organic radical can also be formed by direct action of 
the radiation, i.e.,

r -H  Rad-ation > R + H+ + e-

The presence of oxygen near the site o f interaction may give 
rise to hydrogen par oxide (H2O2) or the peroxide radical, i.e.,

O2+H + H — H2O2 

R + O2 —— RO2

The creation of H2O2 and RO2 leads to the damage of the cell.
Radiation either directly or indirectly damages the DNA 

strands, which results in single-strand breaks or double strand 
breaks (DSBs). Double-strand DNA breaks are irreparable and 
more responsible than the single-strand DNA breaks for m ost 
of cell killing in cancer as well as surrounding normal cells. 
Extensive damage to cancer cells DNA can lead to cell death. 
DNA double-strand breaks are m ore responsible for m ost cells 
killing, even a single DSB is sufficient to kill a cell or disturb
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its genomic integrity by the radiation treatm ent. For low LET 
radiations, the damage is induced primarily by activated radicals 
produced from atomic interactions. Over the energy range 
of therapeutically used X-rays, typically 100  keV to 25 MeV, 
approximately the same physical dose needs to be delivered at 
different energies to reach a given biological endpoint, resulting 
in similar RBEs. High LET radiations such as protons, neutrons, 
however, result in biological damage that is generally larger per 
unit dose than for X-rays, resulting in an elevated RBE [26].

1.3 Methodology

1.3.1 Monte Carlo-Based FLUKA Simulation

The radiation field of electron accelerator includes several 
components such as bremsstrahlung photons, fast neutrons, 
positrons, hadrons, and muons. The production and transport of 
all these radiations through different targets are difficult to study 
theoretically even on the basis of correct experiments. Therefore, 
simulations with an effective Monte Carlo code are very helpful 
to get information of all the particles produced in accelerator 
head and their dose deposition in patient's body. A general 
purpose Monte Carlo based code FLUKA [27] has been used for 
the calculations of particle transport and interactions with matter. 
FLUKA code version 20 0 6  and 2 0 0 8  has been used to calculate 
the results. It can simulate of about 60 different particles with 
high accuracy, including photons, electrons, neutrons, heavy ions, 
and antiparticles. The lowest transport limit for all particles is 
~ 1  keV. There are various tools for input geometry visualization 
and output plotting in two and three dimensions giving a clear 
picture o f the calculations. FLUKA can handle very complex 
geometries, using an improved version of the well-known 
combinatorial geometry (CG) package. FLUKA uses an original 
transport algorithm for charged particles, including complete 
multiple Coulomb scattering treatm ent. It also uses Bethe-Bloch 
theory for energy loss mechanism. Delta-ray production via 
Bhabha and Moller scattering is implemented in FLUKA. In FLUKA 
the full set of Seltzer and Berger cross sections [28] of accurate 
electron-nucleus and electron-electron bremsstrahlung has been 
tabulated in an extended form [29]. FLUKA scores fluence and



current as a function of energy and angle. It can also score track- 
length fluence in a binning structure (Cartesian or cylindrical) 
independent of geometry.

The radiation units used in FLUKA to measure the number 
of particle generated through interaction mechanism are Flux 
(particles -  cm-2 -  sec-1 per primary particle), Particle Fluence 
( f )  (particles -  MeV -1 -  cm-2 per primary particle) and Particle 
Current ( J  (particles -  MeV -1 -cm -2 per primary particle). The 
particle current is defined as the number of particles crossing 
an area over a certain time period and represents the number of 
particles per unit area that passed during this time. Moreover, 
it also uses regular units like dose (J/kg, GeV/g, RAD, gray), dose 
equivalent (Sievert (Sv), Roentgen Equivalent Man (REM)) to 
estim ate the energy deposited in the medium.

1.4 Case Studies

1.4.1 Case I: Design of e-g Target for Radiation Therapy

The set of simulation was carried out to estim ate the bremsstrahlung 
yield for

(i) Electron Energy: 6, 9, 12, 15, and 18 MeV
(ii) Materials used as e-g  target (Z): Be(4), A l(13), Si(14), 

Fe(26), Cu(29), M o(42), Ag(47), Gd(64), Ta(73), W (74), 
Au(79), Pb(82), U(92). (The m aterials having higher melting 
point were chosen for bremsstrahlung study.)

(iii) Target thickness: ranging from 0.1%  to 150%  of range of 
electron in the material.

The inputs for FLUKA code are defined as the beam diameter 
0.3 cm, beam direction along the Z  axis and beam  allowed 
to fall on the target perpendicularly. The cylindrical geometry 
was chosen and thickness of the cylinder was varied. An energy 
cut was set to be 100  keV for electron (Ecut) and photon 
(Pcut). Moreover, the 1 x 1 0 8 to 1 x 109 primary particles were 
used to run the system to minimize the statistical errors in the 
simulation. The estim ated errors were found to be less than 
0.1%  in the bremsstrahlung case; it alm ost takes ~ 1 5 -1 8  h to 
complete the run on Xeon quad-core processor.
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The geometry used for the m easurem ent of angular 
distribution of integrated bremsstrahlung fluence is shown in 
Fig. 1.4. An electron beam  is incident on the e-g  target along Z 
direction and the generated radiations were estimated. Sphere 
of radius 100  cm has been divided by parallel planes along Z 
direction such that it can form 0.2 cm thick rings of sphere at 
various angles of 0 to 180° with respect to the incident electron 
beam. The horizontal lines in Fig. 1.4 correspond to the 0.2 cm 
thick rings for the m easurem ent o f particle fluence at various 
angles. The e-g  conversion performances of several materials 
have been accurately studied by simulating the bremsstrahlung 
spectrum obtained for each m aterial as a function of the 
converter thickness for different electron energies.

Figure 1 .4  A view of XZ plane geometry used for the measurement of 
angular distribution of bremsstrahlung radiation in FLUKA 
simulation.

When high-energy electron interacts with material, it 
produces bremsstrahlung radiation through the inelastic collision of 
electrons with nucleus. The variation in integrated bremsstrahlung 
fluence with e-g  target thickness for 6 MeV incident electron 
energy is shown in Fig. 1.5. From the figure, it is observed that as 
the e-g  target thickness increases, the bremsstrahlung fluence 
also increases until certain thickness and then decreases with



increase in the thickness of e-g  target. It is observed from the 
figure that the bremsstrahlung fluence peak is shifted towards 
the lower thickness of the target with increase in the Z of the 
target. For a higher-density material, the peak is found at lower 
thickness. This mainly attributes to the absorption of photon 
in the high density material itself. Moreover, the thickness that 
gives maximum bremsstrahlung fluence for e-g  target increases 
with the Z of the target and also with incident electron energy. 
The same trend is observed for the 9, 12, 15, and 18 MeV electron 
energy cases. It is also observed that uranium gives maximum 
bremsstrahlung fluence at the 0.08, 1, 1.2, 1.4 and 1.5 cm thickness 
of target for 6, 9, 12, 15, and 18  MeV incident electron energy, 
respectively, and beryllium gives lowest bremsstrahlung fluence 
for all energies.
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e-y target thickness (cm)

Figure 1 .5  Integrated brem sstrahlung fluence versus e -g  target thickness 
for 6  MeV energy electron incident on different m aterials.

Typical photon fluence distribution in the XY plane (7 cm x 
7 cm, 1 mm/bin) is shown in Fig. 1.6 for 6 MeV electron incident 
on 0.08 cm thick tungsten target. Figure 1.6 shows that the 
maximum photon fluence is in the forward direction, which is at 
the center and it drops radially.

The angular distribution of the relative bremsstrahlung 
fluence for each material at thickness equal to the range of 
respective energy of electron are shown in Fig. 1.7 for 6 -1 8  MeV 
electrons. It is observed from figure that the relative bremsstrahlung
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r a d i a t i o n s  p r o d u c e d  in  t h e  f o r w a r d  d i r e c t i o n ,  i .e .,  a t  0 °  is  m o r e  

a n d  d e c r e a s e s  e x p o n e n t i a l l y  w i t h  i n c r e a s e  in  t h e  a n g le .  In  

a d d i t i o n ,  t h e  r e l a t i v e  b r e m s s t r a h l u n g  f l u e n c e  d e c a y s  v e r y  

f a s t  f o r  l o w - Z  m a t e r i a l s  a n d  s lo w ly  f o r  h i g h - Z  m a t e r i a l s  w i th  

i n c r e a s e  in  a n g le .  H o w e v e r , u n ti l  8 °  t o  9 ° ,  t h e  f l u e n c e  c o n v e r g e s  

f o r  a ll  t h e  m a t e r i a l s .  T h is  is  b e c a u s e  d E / d x  f o r  e l e c t r o n s  in  t h e  

in i t i a l  f e w  a n g s t r o m  l a y e r s  o f  t h e  t a r g e t  is  s a m e  a n d  f u r t h e r  

i n c r e a s e s  in  a n g l e ;  t h e  e l e c t r o n s  s e e  l o n g  p a t h  a n d  h a v e  

o b s e r v e d  m o r e  s t a t i s t i c a l  f l u c t u a t i o n s  in  t h e  d E / dx . A  s i m i l a r  

t r e n d  is  o b s e r v e d  f o r  t h e  h i g h e r  e n e r g i e s  to o .

-6 -4 -2 0 2 4 6
X (cm)

Figure 1 .6  Photon fluence distribution in XY  plane (7  cm x 7 cm, 1 mm/ 
bin) for 6  MeV electron incident on 0 .08  cm -thick tungsten 
target.

A n g le  (d eg ree )

Figure 1 .7  Angular distribution of brem sstrahlung fluence for 6  MeV 
energy electron incident on e-g  target of thickness equal to 
the range of electrons.
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Figure 1.8 shows the variation in bremsstrahlung fluence 
with atomic number of e-g  target for 6 to 18 MeV electron 
energies. It is observed from the figure that the usually 
bremsstrahlung fluence increases with Z o f the e-g  target except 
gadolinium and lead, where bremsstrahlung fluence is found to 
be less. This is attributed mainly to the fall in the density of the 
respective material. Variation in mean energy of bremsstrahlung 
radiation with atomic number of e-g  target is shown in Fig. 1.9. 
From this figure, it is seen that for 6 MeV energy electron the 
mean energy increases continuously with Z, whereas for 18 MeV 
incident electron there is fluctuation in the mean energy 
of bremsstrahlung radiation for Al, Si, Ta, W, and Au due to 
their respective variations in the absorption cross section for 
bremsstrahlung radiation. Variation in the contribution of positron 
fluence with atomic number of e-g  target is shown in Fig. 1.10. 
From this figure, it is also observed that the positron fluence 
increases with atomic number except Gd and Pb for which it 
is found less. This is because of the lower density for the 
respective target compared with others. Variation in the neutron 
fluence with atomic number of e-g  target for 6 -1 8  MeV electron 
energy is shown in Fig. 1.11. It is observed from the figure that 
the neutron fluence increases with atomic number and mainly 
depends on the respective cross section of the targets.
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Atomic Number o f e-y target

Figure 1 .8  Variation in bremsstrahlung fluence with respect to the 
atomic number of e-g target for 6-18 MeV incident electron 
energies.
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Atomic Number of e-y target

Figure 1 .9  Variation in mean energy of brem sstrahlung with respect 
to the atom ic num ber of e -g  target for 6 - 1 8  MeV incident 
electron energies.
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Figure 1 .1 1  Variation in neutron fluence with respect to the atomic
number of e-g target for 6 -18 MeV incident electron energies.

1.4.2 Case II: An Optimization of Accelerator Head 
Assembly for Radiotherapy

One of the m ajor applications of the bremsstrahlung radiation 
is for radiotherapy. Photon beams with energies higher than
10 MeV are preferred when doses need to be delivered to greater 
depths (e.g., for the treatm ent of prostate cancer) and to enhance 
the skin sparing. The requirem ent for the production of clinical 
photon beam  using high-energy electron is that the photon beam 
should have a spatially uniform fluence and well collimated in a 
reference plane that is perpendicular to the beam  axis. Generally, 
this plane is defined at a depth of 10 cm in a water phantom. 
The surface of water phantom is 100  cm away from the photon 
source, i.e., the surface-source distance (SSD) is 100  cm. When 
the required condition is met, the radiation beam will produce a 
uniform dose distribution across the reference plane.

In case of high-energy photon a parasitic effect that occurs is 
the production of neutrons, mainly due to the photonuclear 
giant-dipole-resonance (GDR) reaction (g; n) induced by high- 
energy photons in the accelerator head m aterials [30]. As the quality 
factor of the neutrons is higher as compared to the photons, the 
biological effectiveness o f neutron is higher. Hence small neutron 
dose is also responsible for m ore damage to body and also it is on
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high risk for cancer cause [21]. To reduce the risk, one m ust have to 
take care of neutron fluence at the time of designing the accelerator 
head assembly. Moreover, the neutron energy spectra generated 
in the accelerator head assembly is also im portant for various 
purposes such as to optimize the room shielding and to estimate 
energy dependent neutron doses received by the patient and 
medical personnel working in and around the therapy facilities. 
Therefore, in the present work an accelerator head assembly 
has been designed for 15 MeV linear accelerator. To estim ate the 
neutron contamination in term s of dose equivalent and energy 
spectra has been carried out by Monte Carlo based FLUKA 
simulations. It is also used to evaluate the photoneutron yield and 
spectra produced through accelerator head assembly of 15 MeV 
medical linac as a function of the radiation field sizes.

1.4.2.1 Accelerator head assembly

Clinical photon beams emanating from a medical linac are 
produced in the e-g  target, flattened with a flattening filter and 
collimates in collimators. The components of accelerator head 
assembly are shown in Fig. 1.12. The photon collimation and 
beam shaping is achieved with primary collimator and movable 
secondary collimator.

Electron beam I

l-y ta rg e t

Primary
C o llim ato r

Flattening Filter

H j i mTimm Forward peak 
X-ray beam

|lon chamber

Secondary / / | \ \ \
Collimator / J | ( \ '

Y-Jaws H P  / / M l

^  / I l I ' 1
7  ' i i i i

i i  i n
I I I I \

/ Fla^t enpd be^m \/  i i i i ' \
i I i i ' \

/ / i 1 i \ \
/ I 1 1 \ '/ 1 1 1 \ 

/ ! ! I \v
P a t i e n t  P l a n e

Figure 1 .1 2  The schematic of various components of accelerator head 
assembly.



As the electron beam  penetrated the target material, the 
Coulomb interactions resulted in the production of a photon 
beam, called Brem sstrahlung photon. The thickness of the e-g  
target was optimized such that the entire electron incident on 
the target gets absorbed in target itself. Therefore, the target 
thickness was optimized more than the range of electron in e-g  
target. Immediately after e-g  target is the primary collimator. It 
is a circular conical hole that defines the maximum divergence 
of the beam and therefore the maximum circular field size. For 
obtaining maximum field of 51 cm diameter at patient plane, 
the primary conical collimator comprises a 28° cone bored into 
a metal block. The distance between the e-g  target and primary 
collimator is optimized such that the system m ust produce the 
minimum penumbra. The thickness of the shielding block is 
usually designed to attenuate the mean primary X-ray beam 
intensity to be less than 0.1%  of the initial value (three tenth-value 
layers (TVLs)). According to IEC recommendations, the maximum 
leakage should not exceed 0.2%  of the open beam value. The 
high-Z elem ent is often used for this com ponent because of 
high attenuation coefficient. The photon beam exiting from the 
primary collimator does not have uniform spatial intensity. It 
has an angular distribution that is strongly peaked in forward 
direction with respect to the initial electron beam  [31, 32]. A more 
uniform angular distribution of the photon beam  can be achieved 
by passing it through a flattening filter. It is Gaussian shaped. The 
dose distribution is very sensitive to the position of the flattening 
filter. A small misalignment o f the flattening filter within a few 
millimeters in the linac head would cause large variations in the 
dose distribution [33]. The flattening filter also has another effect 
on the beam  called beam hardening [34]. The flattening filter 
not only hardens the beam  as a whole but further enhances the 
relative hardness near the center. Following the flattening filter 
is the monitoring system to measure the radiation beam  dose 
output. The m irror is used to project light from the optical source 
to replicate the shape of the radiation field. Below the mirror 
are two sets of jaws that constitute a secondary collimator. The 
maximum circular field defined by the primary collimator is 
truncated with an adjustable rectangular collimator, which consists 
of upper and lower independent movable jaws for producing 
rectangular and square fields with a maximum dimension of
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40 x 40  cm2 at the linac isocenter. These blocks have sufficient 
thickness to shield out unwanted radiations. These jaws are 
designed to move in an arc shape to produce different field size of 
the photon beam. The IEC recommends that the transm ission of 
the primary photon beam through the rectangular collimator 
should not exceed 2%  of the open beam value. The m aterial and 
dimension of collimators were optimized such that the neutron 
contamination in the gamma beam  was below the allowed limit.

1.4.2.2 Optimization of accelerator head assembly

Among the materials studied, tungsten was found to be best 
suitable as e -g  target of thickness 0.42 cm since it absorbs almost 
all the incident electrons. The mean energy of the bremsstrahlung 
spectrum produce by the e-g  target is around 2 .033 MeV. Using 
the FLUKA simulations the tenth value layer (TVL) values of 
photon for iron, lead, tungsten, bismuth, tungsten + copper, and 
tantalum are estim ated at 7.64, 3.87, 2.93, 4.40, 3 .37 and 3.30 cm, 
respectively. The material that has less TVL thickness and 
low neutron production is the best m aterial to be used for 
the primary collimator. Therefore, the W-Cu material has been 
optimized to design the primary collimator. In addition, the 
leakage radiations were calculated offside at a distance of 1 m 
from the beam center and found to be less than 0.2%  of beam 
value (recommended by the IEC) for the thickness more than
8 cm of primary collimator. Therefore, it was optimized to use 
10 cm thickness of W-Cu for primary collimator. The neutron 
fluence calculated at isocenter is 3 .94 x 10 -9 n -c  m-2/e- .

A Gaussian-shaped flattening filter was divided into eight 
truncated right-angled cones (TRCs) of various thicknesses and 
of increasing radii. As the less number of neutron are produced 
from iron material compared with lead material, iron has been 
used as a filter. The dimensions of optimized flattening filter 
made of eight TRCs are shown in Fig. 1.13a. The flattened dose 
estim ated in the water phantom is shown in Fig. 1.13b, and it 
gives flattened dose for 40  x 40 cm2 field size.

The jaws of the secondary collimator were positioned such 
that the rotation of respective X jaws and Y jaws forms a square 
field size. The thickness of secondary collimator was optimized 
such that the transm ission of the primary X-ray beam does not 
exceed 2%  of the open beam value. Therefore, the thickness of



the secondary collimator was optimized to 8 cm. The rotation of 
the X and Y jaws of secondary collimator along the arc changes 
the radiation field size area from 0 x 0  to 4 0  x 40  cm2. Using 
calculated positions of jaws for each field size, the accelerator 
head assembly has been modeled in FLUKA to estim ate the gamma 
absorbed dose and neutron dose equivalent. In addition, the 
neutron fluence and respective spectra for different field sizes 
have also been estimated.

26 Bremsstrahlung Radiation from  Different Low- to High-Z Targets

O ff axis distance (cm )

Figure 1 .1 3  (a) Dimension of Gaussian-shaped flattening filter.
(b) Flattened dose profile due to optimized flattening 
filter for 15 MV LINAC.

Figure 1.14 shows the relative photon depth dose distribution, 
for 10 x 10  cm2, 20  x 20  cm2, 30 x 30 cm2, and 40 x 40 cm2 field 
sizes at an SSD of 100  cm using the optimized accelerator head 
geometry. The distance at which the maximum dose is delivered 
in water is 2  cm.
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Depth in water (cm)

Figure 1 .1 4  Relative photon depth dose distribution for various field 
sizes at SSD of 100 cm.

Figures 1 .15a and 1.15b show the flattened and unflattened 
dose profiles in water phantom for different field sizes. The 
ratio of the neutron dose equivalent to the central axis photon 
absorbed dose along the longitudinal axis at patient plane for 
different field sizes is shown in Fig. 1.16. The maximum neutron 
dose equivalent is observed near the central axis of 30 x 30 cm2 
field size. This is 0.7 1%  of the central axis photon dose rate of 
0.3 Gy/min at 1 electron beam current. The values of the 
neutron dose equivalent estim ated are consistent with the results 
of other m easurem ents reported in literature [35] and fall within 
the allowed limit by the IEC. In addition, the ratio of neutron 
dose equivalent to central axis photon dose was maintained 
below the allowed limit set by the IEC (<1 mSv/Gy) inside and
0.5 mSv/Gy outside of photon field. Table 1.1 shows the 
bremsstrahlung fluence, maximum bremsstrahlung dose delivered 
in water, and neuron fluence for different field sizes. It is observed 
from the results that more the field size, more the dose delivered. 
However, in case of the 40  x 40  cm2 field size, the dose obtained 
was reduced compared with the 30 x 30 cm2 field size because 
of the effective area offered by the conical beam, which is less 
than the square field size. It is also observed that the neutron 
fluence increases with field size. The neutron fluence spectrum 
calculated for different field sizes using FLUKA is shown in 
Fig. 1.17.
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Off axis distance (cm) Off axis distance (cm)

Figure 1 .1 5 (a) Flattened and (b) unflattened dose profile in w ater 
phantom for different field sizes.

Figure 1 .1 6

O ff axis distance (cm)

The ratio of neutron dose equivalent to central axis photon 
absorbed dose at patient plane for different field sizes.

Table 1 .1  Brem sstrahlung fluence, brem sstrahlung dose delivered in 
w ater and neuron fluence for the different filed sizes

Field Brem sstrahlung Brem sstrahlung Neutron fluence Mean energy
size fluence (photon ■ dose (neutron ■ of neutron
(cm 2) cm -2/e-) (Gy ■ m in-1 ■ ^A-1) cm-2/e-) (keV)

10  * 10 7.216 * 1 0 -5 0.293 2.452 * 1 0 -9 0.404

20  *  20 8 .0 5 1  * 1 0 -5 0.323 3.408 * 1 0 -9 0.886

30  * 30 8.652 * 1 0 -5 0.342 3.612 * 1 0 -9 0.511

4 0  x 40  8 .9 7 4  * 1 0 -5 0.335 3.518 * 1 0 -9 0.163
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Neutron Energy (MeV)

Figure 1 .1 7  The neutron fluence spectra a t isocenter for optimized 
accelerator head assembly.

1.5 Conclusion

The data of bremsstrahlung radiations generated in various 
targets for different energy of electron from 6 to 18 MeV are 
summarized and concluded as follows:

• The maximum bremsstrahlung fluence is obtained for a 
high-Z material (U) and higher incident electron energy 
(18  MeV).

• The mean energy of bremsstrahlung radiation for a high-Z 
target is observed more.

• The bremsstrahlung fluence is the maximum in the forward 
direction and it decreases sharply with angle.

• High-Z targets produce higher neutron fluence for energies 
greater than 12 MeV electron.

• The contribution of direct transm itted electrons beyond 
the range of the electron in the target is negligible.

For the production of a 15 MeV photon beam  in clinical 
applications, the design of accelerator head assembly has 
been proposed and optimized. Using the optimized design, the 
flattened dose calculated at 100  cm SSD is 0 .34 Gy/min at 1 |iA for
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30 x 30 cm2 field size. The maximum square field size that can be 
produced by the collimator is 30 x 30 cm 2. In addition, the neutron 
produced in the accelerator head assembly has been estimated 
and the ratio of the neutron dose equivalent to the gamma dose 
is found below the allowed limit recommended by the IEC, i.e., 
<1 mSv/Gy.

To conclude, bremsstrahlung radiations are very useful for 
medical applications such as radiation therapy and radiography.
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This chapter is a summary of work investigating the clinical 
potential of Cobalt-60 (Co-60) units for conformal radiation 
therapy techniques via tomotherapy, originally presented in the 
doctoral thesis of one of the authors [1]. The thesis work was 
performed under the supervision of Profs. Vidyasagar and Schreiner. 
This work utilized user codes o f the EGSnrc Monte Carlo Code 
system to investigate different Co-60 source designs for 
tomotherapy applications, particularly to determine potential 
radiation output enhancem ent for a fan beam  with different source 
shapes (cylindrical and rectangular). Fan beam  characteristics 
such as penumbra, and intensity modulation for various Co-60 
source and hypothetical Co-60 tomotherapy unit designs were
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investigated. Monte Carlo simulated dose data were used to 
calculate tomotherapy plans from various hypothetical and 
existing units for an example head and neck cancer case. Results 
demonstrate a potential for significant increase in fan beam 
output for rectangular source shapes. A comparison of intensity- 
modulated energy fluence profiles showed that irrespective of 
the source shape and size, the Co-60 source provides adequate 
intensity modulation required for tomotherapy applications. 
A dose-volum e analysis of tomotherapy plans shows that Co-60 
tomotherapy can provide clinically competitive conformal 
dose delivery. Since the completion of the thesis work, several 
developments have happened in Co-60-based radiation therapy; 
this chapter ends with a brief review of further development in 
Co-60-based radiation therapy.

2.1 Introduction

In a recent World Health Organization report [2], cancer figures 
among the leading causes of morbidity and mortality worldwide, 
with approximately 14 million new cases and 8.2 million cancer- 
related deaths in 2012 . The report notes that the number of 
new cancer cases worldwide is expected to rise by about 70%  
over the next two decades. More than 60%  of the world’s total 
new annual cases occur in low and middle income countries 
(LMICs) mainly in Africa, Asia and Central and South America; 
these cases account for 70%  of the world’s cancer deaths [2, 3]. 
Radiation therapy (RT) plays an im portant role in the treatm ent 
of cancer with approximately 50%  of cancer patients receiving 
RT treatm ent in curative, adjuvant, or palliative setting [4]. 
However, despite being home to 85%  of the world’s population, 
there are less than 35%  of the world’s radiotherapy facilities 
in LMICs (around 44 0 0  megavoltage m achines), leaving m ost 
cancer patients in LMICs without any access to potentially 
life-saving RT treatm ent [5].

For many decades, the conventional cobalt 60 (Co-60) radiation 
therapy units were the main workhorse of radiation therapy 
departments worldwide, particularly in LMICs. The major research 
and development efforts in modern radiation therapy have been 
to better conform dose to the target to be treated while
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minimizing dose to healthy tissue. This improved dose delivery 
was achieved by developing conformal radiation therapy 
techniques such as intensity-modulated radiation therapy (IMRT) 
and tomotherapy— development that was mainly limited to linear 
accelerators. There was relatively little development in the Co-60 
radiation therapy units for the im plementation of modern IMRT 
and tomotherapy techniques. This background is the main 
motivation for our work, which was mainly undertaken to explore 
potential improvements in Co-60 units and their clinical viability 
for modern tomotherapy techniques. Our view was that if 
technically feasible and clinically competitive, an improved and 
redesigned Co-60 unit may provide a reliable, low cost, low 
maintenance and state-of-the-art IMRT. This may be of particular 
interest to LMICs where cancer patient population is greater but 
financial resources are scarce.

The relative lack of development of Co-60 radiation therapy 
units has been attributed to the perceived disadvantages 
associated with Co-60 radiation such as relatively lower photon 
energy, larger beam penumbra due to source size, lower radiation 
output, and periodic source replacem ent requirements. A Co-60 
beam, although of lower photon energy, offers mono-energetic 
spectra with two clean and higher peaks (1 .17 and 1.33 MeV) 
compared to the spectra of a 6 MV photon beam  [6]. It has long 
been known that beam energy issues such as percent depth dose 
(or penetration) becom e insignificant when one moves to the 
rotational radiation delivery [7, 8]. Johns and Cunningham 
[1983] demonstrated that differences in the dose distributions 
achieved in the bladder treatm ents with 10 MV x-rays and with 
the Co-60 g-rays becom e minor when rotational approaches 
are used. Other researchers have also reported that with the 
advanced multi-beam treatm ent modalities, advantages o f very 
high-energy treatm ent decrease and becom e negligible, particularly 
in the IMRT [9] and tomotherapy [8] techniques. This argument 
was further supported by dose plans for a typical prostate 
cancer treatm ent with Co-60 and 6 MV photon energies using 
18-field conventional three-dimensional conformal radiation 
therapy (3DCRT) techniques presented in Fig. 2.1. These plans 
show comparable isodose distributions, particularly in the high 
dose treatm ent regions in both the Co-60 and 6 MV plans [1].



Figure 2 .1  Eighteen field 3DCRT treatment plans for cancer of 
prostate for (a) 6 MV and (b) Co-60 radiations. The plans 
were calculated on Theraplan Plus treatment planning 
system (Nucletron, Kanata, ON).

The potential for highly conformal dose delivery has been 
strongly confirmed recently with first reports from a novel cobalt/ 
MRI unit developed by View Ray (Oakwood, OH, USA, www.viewray. 
com) [10 -12 ], In another novel Co-60-related development, the 
GammaPod™ system (Xcision Medical, Columbia, MD, USA, www. 
xcision.com) is a dedicated breast cancer-specific stereotactic 
body radiation therapy unit using multiple Co-60 sources.

In this chapter, we present a brief review of our investigations 
of efficient Co-60 source designs based on Monte Carlo (MC) 
simulations. Subsequently, a comparison of MC calculated arbitrary 
energy fluence profiles was done to evaluate quality o f intensity 
modulations for different hypothetical Co-60 unit models and 
two existing clinical units (Co-60 and 6 MV). The hypothetical 
units used rectangular and cylindrical sources with customized 
binary m ulti-leaf collimator (MLC) models designed for them, 
while the clinical units were modeled using standard MIMiC® 
binary MLCs (Best nomos, Pittsburg, PA). This is followed by 
a qualitative comparison of tomotherapy plans for a typical 
head and neck cancer calculated with an in-house dose 
calculation and optimization program utilizing the MC calculated 
beam let data.

2.1.1 Tomotherapy

Tomotherapy is one of the earliest im plementations of IMRT 
[8, 13]. “Tomotherapy” literally means “slice therapy” and employs

http://www.viewray.com
http://www.xcision.com
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a radiation source revolving around the patient with a collimated 
narrow radiation fan-beam that projects a slice on to the patient. 
The radiation intensity across each slice is modulated using a 
digitally controlled binary MLC, with leaves closing and opening 
as the radiation source revolves and the patient is advanced 
through the ring-shaped gantry. Tomotherapy can be summarized 
as an “optimized rotational slice intensity-modulated conformal 
radiation therapy” technique. Tomotherapy dose delivery can 
be achieved by using two approaches, axial and helical. In axial 
tomotherapy, one slice is treated per rotation of the intensity- 
modulated radiation fan beam  and the patient is translated in 
steps. This was implemented, for example, in the first IMRT 
advancement with linacs using the binary “m ultileaf intensity- 
modulation collimator” MIMiC® system [13]. In helical tomotherapy, 
the radiation source is mounted on a CT-like gantry and the 
conformal dose delivery is achieved by the continuous translational 
motion of the patient through the gantry simultaneous with 
the intensity-modulated radiation fan beam  rotations. Currently, 
the Hi-Art tomotherapy unit (Accuray/TomoTherapy, Madison, 
WI, USA) using a 6 MV linac x-ray source is the only available 
helical tomotherapy unit. This unit also has an array of detectors 
placed opposite to the radiation source in the same ring gantry 
that can be used for mega-voltage computed tomography 
(MVCT) imaging. This enables quick imaging useful for treatm ent 
planning, routine setup verification and treatm ent correction/ 
adaptation [14, 15].

2.2 Investigations of an Efficient Co-60 
Source Design

The main objective of my thesis work, under the guidance of 
Professors Vidyasagar and Schreiner, was to investigate different 
aspects of the development and im plementation of cobalt-60- 
based tomotherapy [1]. One focus was to investigate the potential 
for increase in fan beam radiation output of Co-60-based 
tomotherapy unit through change in source design (cylindrical 
to rectangular), improvement in the packing density of the 
source and decrease in source to axis (isocenter) distance (SAD).



The EGSnrcMonte Carlo simulations utilizing the BEAMnrc and 
DOSXYZnrc user codes [1 6 -1 8 ] were extensively used to conduct 
these investigations.

A potential increase in fan beam radiation output for 
tomotherapy applications could be achieved through an optimal 
choice and/or combination of the following param eters: (i) the 
source shape (e.g., cylindrical to rectangular), (ii) the specific 
activity (Curies/gram) of Co-60, (iii) the packing density of active 
m aterial in the source volume, (iv) the source volume to increase 
the source strength, and (v) the source to axis distance (SAD) of 
the treatm ent unit.

Many of these modifications have practical and clinical 
limitations associated with them. For example, the achievable 
specific activity o f an isotope is technically limited by the atomic 
number of the stable isotope and the activation time in the 
nuclear reactor. An increase in the packing density, as well as a 
change in source volume through an increase in the source 
height, would increase the self-absorption by the source resulting 
in the loss of radiation output. On the other hand, a larger diameter 
cylindrical source would lead to an increase of the radiation 
fluence outside the clinically useful fan beam area. Also, the 
reduction in the SAD inherent in a tomotherapy unit limits 
the dimensions of overall source housing (shielding) and the 
collimation system, and if made too small would limit the physical 
space requirem ent for the patient positioning and immobilization. 
Therefore, not all param eters could be optimized for a potential 
clinical Co-60 tomotherapy unit.

Non-cylindrical Co-60 source geom etries in rectangular 
(cube and parallelepiped), truncated pyramid and prism shapes 
were initially considered for the Co-60 source shape studies. 
It was realized that although a prism-shaped source may be 
marginally better than a rectangular-shaped (RS) source for 
fan beam applications due to potentially smaller penumbra, 
a rectangular source would be technically easier to manufacture. 
Therefore, our main attention was on rectangular-shaped sources.

Monte Carlo simulations were performed for a conventional 
Co-60 T 780c unit (Best Theratronics, Canada) housing a standard
2 cm diameter cylindrical source and for hypothetical Co-60 units
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with a 3 cm diameter cylindrical and 3 and 5 cm-long rectangular 
sources. A brief review of the various source dimensions and 
used acronyms is given in Table 2.1. The secondary field defining 
jaws, as used in conventional T 780c units, were considered 
unnecessary for hypothetical Co-60-based tomotherapy units. 
Thus, a modified collimator system using a thicker primary 
collimator (10 cm-high lead metal) and an 8 cm-high tungsten 
binary MLC was modeled in the hypothetical unit simulations. 
In the modified collimator system, the primary collimator opening 
was customized for fan beam  applications only, and fan beam 
and beam let fields were defined by the binary MLC leaves. Using 
MC simulated dose profiles, fan beam 2 0 -8 0 %  penumbra and 
5 0 -9 0 %  fringe distances were calculated for various combinations 
of SAD and collimator to isocenter distance. Effects o f source 
shape and increased packing density of active material (including 
self-absorption by the source) on fan beam  radiation output 
were also investigated.

2.2.1 Description and Validation of the New 
Source Code

The existing BEAMnrc MC code only allowed for the modeling 
of isotropic radioactive sources in a point or cylindrical (CYL) 
source geom etries [17]. In order to facilitate the MC modeling of 
isotropic non-cylindrical Co-60 source designs, a new MC code 
was written to model the isotropic radiation source in six-faced 
polyhedron geometries. This new source code was integrated
with the BEAMnrc code. The new source code can be used to
simulate isotropic radioactive sources in rectangular (e.g., cube, 
parallelepiped), prism and truncated pyramid geometries. 
Extensive quality assurance tests were performed to validate the 
new source code using independent simulations with BEAMnrc 
and DOSXYZnrc codes [17, 18]. These validations included
verifications o f isotropic nature, randomness of the particle 
origins within the source and their travel paths, photon spectra 
and depth dose calculations, etc., for a rectangular source modeled 
with the new source code. The validation results were all
published [6].



2.2.2 Effect of Rectangular-Shaped Co-60 Source 
Width on Fan Beam Output

The potential of fan beam  output enhancements with the different 
cylindrical and rectangular source shapes was investigated 
using MC simulations. The 20 x 1 cm2 fan beam  outputs were 
calculated for different dimensions of rectangular sources and 
compared with the fan beam outputs for the 2 and 3 cm diameter 
cylindrical sources (see Table 2.1 for all source dimensions 
and acronyms). In all simulations, a standard packing density 
of 5 .88 g/cm3 was assumed, which is equal to the effective 
packing density of the conventional cylindrical source used in a 
T 780c unit. Absolute dose profiles at 5 cm depth in water for 
20 x 1 cm2 fan beams were extracted from BEAMnrc/DOSXYZnrc 
simulations [18]. The dose profile data was normalized to 100%  
at the beam  central axis from the 2 cm diameter cylindrical 
source of the conventional T 780c Co-60 unit. The normalized dose 
profiles presented in Fig. 2.2 demonstrate that for a fixed source 
volume (8.8 cm3) a significant increase in fan beam radiation 
output can be achieved merely by a change in the source shape.
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Table 2 .1  Acronyms and dimensions of geometrical shapes of 
investigated Co-60 sources.

Rectangular 
shaped (RS) 
sources

Cylindrical (CYL) 
sources

Acronym ^
RS_L3 RS_L5 
cm cm

CYL_D2
cm

CYL_D3
cm

Length (Along the fa n  beam ) 3 cm 5 cm Diameter 2 cm 3 cm

Height (N ormal to the fan  beam ) 2.09 cm 1.26 cm Height 
(Normal 
to the fan  
beam )

2.8 cm 1.25 cm

Thickness (Across the fa n  beam ) 1.4 cm 1.4 cm

The data presented in Fig. 2.3 show that fan beam output 
enhancements of up to 19%  and 30% , compared to a 2 cm 
diameter cylindrical source, can be achieved by using 3 and
5 cmlong rectangular-shaped sources, respectively. The influence 
of increasing Co-60 packing density was also investigated. 
Figure 2.3 shows the overall projected gains in fan beam  output 
for different shapes and sources for different packing densities
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O ff-A x is  D ista n c e  (c m )

Figure 2 .2  S im u lated  fan b e a m  ( 2 0  x 1 c m 2) d o se  p ro files  (a lo n g  th e  
lo n g  a x is )  a t  a  d e p th  o f  5  c m  in w a te r  (c o llim a to r  to  is o c e n te r  
d is ta n c e  2 3 .5  cm , SAD o f 8 0  c m ) fo r d iffe re n t C o -6 0  s o u rc e s  
o f  cy lin d rica l (C Y L) a n d  re c ta n g u la r -s h a p e d  (R S ) g e o m e tr ie s .  
T h e  d o se  p ro files  a r e  n o rm a liz e d  to  th e  d o se  p rofile  o f  a  
2  c m  d ia m e te r  cy lin d rica l s o u rc e  (CYL_D 2 cm ) u se d  in a  
co n v e n tio n a l T 7 8 0 c  u n it. T h e  in se t sh o w s th e  p r o p o r tio n a te  
d ia g ra m s  o f  th e  s o u rc e s  in re la tio n  to  o n e  an o th e r.

Figure 2 .3  E s tim a te  o f  p o te n tia l in cre a s e s  in fan b e a m  o u tp u t for 
C o -6 0  s o u rc e  p a ck in g  d e n s itie s  b e tw e e n  5 .8 8  a n d  8 .9 0  g / c m 3. 
All th e  s o u rc e s  h av e  a c tiv e  v o lu m e s  o f  8 .8  c m 3. Self­
Absorptions: L in es A  a n d  B r e p r e s e n t  th e  p e r c e n ta g e  se lf­
a b s o r p tio n  for a  2  cm  d ia m e te r  cy lin d rica l s o u r c e  (CYL_D 2 cm )  
a n d  a  3  c m -lo n g  re c ta n g u la r -s h a p e d  s o u rc e  (R S _L 3 c m ),  
resp ectiv e ly . Output Gains: L in es C, D, E an d  F r e p r e s e n t  
p o te n tia l p e r c e n ta g e  ga in s  in o u tp u ts  fo r 2  a n d  3  c m  d ia m e te r  
cy lin d rica l s o u r c e s  (CYL_D 2 c m  an d  CYL_D 3 c m ) a n d  3  an d  
5  c m -lo n g  re c ta n g u la r  s o u rc e s  (R S _L 3 cm  a n d  RS_5 c m ) . All 
fan  b e a m  o u tp u ts  a r e  n o rm a liz e d  to  th e  fan b e a m  o u tp u t  
a t  SAD o f  8 0  c m  o f  a  co n v e n tio n a l T 7 8 0 c  u n it u sin g  a  2  cm  
d ia m e te r  cy lin d rica l s o u rc e  w ith  5 .8 8  g / c m 3 p a ck in g  den sity .
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of Co-60 sources. These gain estim ates do account for self­
absorption and the change in source shape. All gain estimates 
are normalized to the fan beam output of a conventional Co-60 
unit with a 2 cm diameter cylindrical source. The data presented 
in Fig. 2.3 demonstrates that at an interm ediate packing density 
of 7.5 gm/cm3, overall gains of ~ 2 0 %  and ~ 1 5 %  are possible for 
the 2 and 3 cm diameter cylindrical sources, respectively. With 
3 and 5 cm-long rectangular sources, overall gains increase to 
4 4 %  and 58% , respectively, with the same packing density 
(Fig. 2.3). These results emphasize the potential for improvement 
in source design to enhance the output of a Co-60 unit for fan 
beam applications.

2.2.3 Penumbra and Fringe Distance Estimates for 
Different Hypothetical Units

For this particular aspect o f the study, hypothetical Co-60 
units with 3 and 5 cm-long rectangular sources with different 
combinations o f collimator to isocenter distances (17, 25, 30, 35, 
and 40 cm) and SADs (60, 70 and 80  cm) were modeled [6]. These 
unit models were schematically similar to the models shown in 
Figs. 2.4a,b. For these units, 20  x 1 cm2 fan beam dose profiles at 
a depth of 10 cm in water were calculated using MC simulations. 
Estimates of fan beam (2 0 -8 0 % ) penumbra and the (5 0 -9 0 % ) 
fringe distances for various hypothetical Co-60 tomotherapy 
units utilizing different combinations of rectangular source size, 
collimator to isocenter distances and SADs were obtained (Fig. 2.5). 
Overall the data presented in Fig. 2.5 provide a useful tool for the 
selection of the optimal combination of source size, source shape, 
and treatm ent unit collimator to isocenter distance and SAD for 
the design of a Co-60-based tomotherapy unit. This modeling 
shows that units with large source size, larger collimator to 
isocenter distances and shorter SADs, give larger beam  penumbra 
than appropriate for clinical applications. Also very short collimator 
to isocenter distances and SAD would hinder patient positioning 
as distances between the treatm ent couch and the source head 
become restrictive. The dotted box area in Fig. 2.5 shows the region 
of practical clinical design. Thus a relatively generous collimator 
to isocenter distance of 30 cm was used in all subsequent modeling.
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(a ) Hypothetical Co-60 unit (b) T 7 8 0 c  C o-60 unit (c) 6  MV Linac (2 1 0 0 E X )

II
Figure 2 .4

-
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111I
The geom etry of the various units modeled in these Monte 
Carlo studies. (a) A hypothetical Co-60 unit with a custom 
binary MLC. (b) A T 780c  unit with the standard MIMiC®. 
(c) A 6 MV linac with the standard MIMiC®. S = source, 
SH = shielding, PC = primary collimator, SJ = secondary jaws, 
T = target, FF = flattening filter, MCH = m onitor chamber, 
BW  = beryllium (vacuum) window.
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Figure 2 .5  The fan beam  fringe (5 0 -9 0 % ) and penumbra (2 0 -8 0 % ) 
distances for different collim ator to isocenter distances. 
The boxed areas represent technically practical and clinically 
acceptable penumbra and collim ator to isocenter distances: 
(a) for 3 cm (RS_L3 cm) and 5 cm (RS_L5 cm )-long rectangular­
shaped sources a t the SAD of 80  cm and (b) for 5 cm-long 
RS source (RS_L5 cm) a t the SADs of 60 and 70 cm.
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2.3 Hypothetical Co-60 Tomotherapy Units

Further investigations were performed to study the intensity 
modulation that could be achieved by various Co-60 unit designs. 
These designs included five hypothetical Co-60 tomotherapy 
units with rectangular and cylindrical-shaped Co-60 sources 
along with a clinical T 780c Co-60 unit (Best Theratronics, Kanata, 
ON, Canada). A CL2100Ex 6 MV x-ray linear accelerator (linac) 
(Varian Medical Systems, Palo Alto, CA, USA) was included for 
comparison. The energy fluence profiles and intensity-modulated 
fan beams were then extracted directly from the BEAMnrc [17] 
MC calculated data. W here required, the DOSXYZnrc MC User 
code [18] was used to model the dose in water from the phase- 
space data extracted from the BEAMnrc MC simulations. In order 
to keep the statistical errors ~1% , sufficient histories (2 x 109 to 
20 x 109 in BEAMnrc and 0.05 x 1 0 9 to 1 x 109 in DOSXYZnrc) 
were used in the simulations.

The hypothetical units with 3 and 5 cm-long rectangular­
shaped Co-60 sources were modeled at SADs of 70 and 80  cm 
(Fig. 2.4a) for this part o f the investigation. A hypothetical unit 
with a 3 cm diameter cylindrical Co-60 source was also modeled 
at SAD of 80  cm. In a dedicated Co-60 tomotherapy unit, the 
radiation field in the treatm ent plane would likely be defined by 
the binary MLC leaves, as discussed before the secondary field 
defining jaws were considered unnecessary. All hypothetical 
units were modeled using individual custom binary MLC designs 
with collimator to isocenter distances set to 30 cm (Fig. 2.4a). 
The conventional T 780c Co-60 unit (Fig. 2.4b) and a 6 MV linac 
(Fig. 2.4c) were modeled with the standard MIMiC® binary MLCs. 
The collimator to isocenter distances for the T 780c Co-60 unit 
and the 6 MV linac were 30 and 39 cm, respectively.

2.3.1 Intensity-Modulated Fan Beam Energy 
Fluence Profiles

In IMRT, fluence profiles with sharp variations in energy fluence 
(i.e., with m ore prom inent peaks and valleys) indicate a better 
ability to modulate the intensity within a beam. To a large extent, 
the sharp variations within a beam are dependent on the size of 
the radiation source as well as the binary MLC design. A treatm ent
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unit with the ability to produce sharper variation within an 
intensity-modulated beam would be expected, a priori, to provide 
a higher degree of conformality in treatm ent planning. Therefore, 
for evaluation purposes, the energy fluence profiles with sharper 
variations (i.e., modulation) within the fan beam  are considered 
to be qualitatively superior.

The potential for clinical fan beam intensity modulations 
was studied for these seven different tomotherapy units including 
five hypothetical Co-60 units and a conventional Co-60 and a
6 MV linac. The MC calculated intensity-modulated energy fluence 
profiles utilizing the same set of arbitrary fan beam segments 
were extracted from the BEAMnrc data for these seven units. 
Figures 2 .6 a -f  present a comparison of intensity-modulated 
relative energy fluence profiles from the 6 MV linac (CL2100EX),
2 cm diameter cylindrical source (T780c), hypothetical units with
3 cm cylindrical, and 3 and 5 cm-long rectangular Co-60 sources. 
These profiles are taken in air in the plane o f the isocenter of 
the unit. Co-60 units had SADs of 70 and 80 cm, while the 6 MV 
linac had an SAD of 100  cm. The relative energy fluence profiles 
are normalized to 1.0 at the central axis of the largest possible 
fan beam segm ent (20 x 1 cm2).

The qualitative comparison of energy fluence profiles 
(Figs. 2 .6a-d ) demonstrates that Co-60 units with 2 cm diameter 
cylindrical and 3 cm-long rectangular-shaped Co-60 source provide 
superior intensity modulation than the 5 cm-long rectangular 
Co-60 source. This can be attributed to significantly larger Co-60 
source size (5 cm) compared to the size of an individual beam let 
(1 x 2 cm2). Figures 2.6a,b show that the 6 MV x-ray source (on 
a linear accelerator) offers a superior intensity modulation than 
that by Co-60 sources. Figures 2.6e,f review the intensity-modulated 
relative energy fluence profiles at SADs of 70 and 80 cm for 
hypothetical Co-60 units with 3 and 5 cm-long rectangular­
shaped sources. A qualitative comparison of these profiles shows 
a small (but not negligible) loss in the quality of intensity 
modulation at shorter SADs. This can be observed from relatively 
larger penumbras and shallower valleys in fluence profiles for 
the units with a shorter SAD (70 cm). Also, intensity modulation 
with the 3 cm-long rectangular source is qualitatively superior 
compared to that from the 5 cm-long rectangular source (Fig. 2.6c). 
Overall, the results show that the ability o f the intensity
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modulation to achieve desired conformality of dose delivery 
deteriorates with increase in the size of the source (Figs. 2 .6 a -f)  
as well as at shorter SADs (Figs. 2.6e,f). However, optimal source 
geometry for tomotherapy applications will depend on a careful 
evaluation of the resulting tomotherapy plans from units with 
these sources. This was the next step in our studies.

OIT-axis distance (cm) Off-axi* diltancc (cm)

Off-axis distance (cm)

Figure 2 .6  Comparison of intensity-modulated relative energy fluence 
profiles obtained by summing the energy fluence profiles 
for individual segments produced with binary MLCs from: 
(a) A 6 MV linac and T780c Co-60 unit. (b) A T780c unit 
and the hypothetical unit with the 3  cm-long rectangular­
shaped source; 6 MV linac has an SAD of 100 cm, Co-60 unit
SADs were set to 8 0  cm. (c) Hypothetical units with 3  and
5 cm-long rectangular-shaped (RS) sources (d) Hypothetical 
units with 3  cm-long rectangular and 3  cm diameter 
cylindrical source; in both of the Co 60 units, the SAD were 
set to 80 cm. (e) 3 cm-long RS, SAD, 70 and (f) 5 cm-long 
rectangular sources for SADs 70 and 80 cm.
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2.4 Tomotherapy Treatment Planning

To establish the clinical im pact of the quality of intensity 
modulations offered by each of the seven different units, 
tomotherapy dose distributions were calculated for a typical head 
and neck cancer case and analyzed. These dose distributions 
were compared to evaluate the overall effect o f differences in 
quality of intensity modulation on optimized tomotherapy 
treatm ent plans.

The choice of head and neck (H&N) treatm ent for our 
studies was made because conventional 3DCRT techniques are 
often very challenging at this anatomical site. These challenges 
arise because of the location of various malignant target structures 
(e.g., gross tumor volume (GTV), clinical target volume (CTV) and 
involved lymph nodes, etc.) close to the critical normal structures 
(e.g., the eyes, spinal cord, optic chiasm, parotid, etc.) (Fig. 2.7). 
Up to the late 1990s, H&N cases treated with conventional 3DCRT 
techniques often required parallel opposed lateral (bilateral) 
photon fields to be combined with reduced and adjacent anterior 
photon fields, and posterior neck electron fields, in the second 
phase of the treatm ent, to treat the posterior neck lymph nodes 
to an adequate dose yet lim it the dose to the spinal cord. The field 
junctions between anterior photon and posterior neck electron 
fields in these plans presented tremendous problems for a 
homogeneous dose delivery in the target regions because of the 
large electron field penumbra. Also, because of dose lim itations 
to the spinal cord, lower energy electron beams were often used 
resulting in potential under dosing of the posterior neck lymph 
nodes. The IMRT and tomotherapy techniques presented a 
tremendous opportunity to provide highly conformal as well as 
seam less dose delivery in the treatm ent o f H&N cancers.

Tomotherapy dose distributions on a single H&N computed 
tomography (CT) scan were generated with our five hypothetical 
Co-60 tomotherapy units, each equipped with a different custom 
binary MLC system with design dimensions as modeled earlier. 
Figure 2.7 illustrates the anatomical relationships and the 
nomenclature used to describe typical targets and avoidance 
structures on a single head and neck CT scan used in this study. 
This scan was obtained from a series of typical patient treatm ent 
planning CT scans from our clinical practice. For the tomotherapy
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planning, the same dose-volume optimization and inverse 
planning objectives were used for all seven tomotherapy plans 
considered in this study. The CTV represents the gross primary 
cancer and its m icroscopic spread. In this particular case, the 
right posterior neck lymph node (Right Node) was considered 
to be positive for malignant disease; while the left posterior neck 
lymph node (Left Node) was considered as a high risk volume 
for the potential spread of the cancer. A dose of 70  Gy to the CTV 
was prescribed to treat the primary cancer while doses of 66  Gy 
to the right node and 50 Gy to the left node were considered 
adequate for treatm ent of the nodal disease. A variation of ±5%  
between the prescribed and delivered doses in the CTV and the 
nodal regions was considered acceptable. The spinal cord (cord) 
is a critical organ at risk (OAR), for tomotherapy optimization 
the maximum dose lim it to the spinal cord set to 40 Gy.

Anterior

Posterior

Figure 2 .7  A typical H&N case used for tom otherapy planning.
CTV = clinical target volume (7 0  Gy ± 5% ), Right Node = right 
posterior neck lymph node (6 6  Gy ± 5% ), Left Node = left 
posterior neck lymph node (5 0  Gy ± 5% ) and the spinal cord 
(<40 Gy).

2.4.1 Dose Calculation Program and Monte 
Carlo Simulations

After this initial work an in-house inverse planning and dose- 
volume optimization program [19] was used to generate the 
tomotherapy dose distributions. This program is based on an

Right I Left



Tomotherapy Treatment Planning  49

aggressive active set conjugate gradient, i.e., (AAS)CG, algorithm 
for dose-volum e optimization purposes [20]. The program 
[19] directly utilized the MC calculated dose profile data for 
individual beam lets emanating from the openings of individual 
leaf-pairs o f the binary MLC or from the standard MIMiC® system. 
Therefore, in the treatm ent plans presented here, the MC calculated 
true individual beam let dose profiles on the specific head and 
neck CT scan (Fig. 2 .7) for each treatm ent unit were used for the 
dose-volum e optimization and inverse planning purposes. Note 
at this stage we did not account for tissue inhomogeneity 
corrections in the dose calculations. For each of the seven 
tomotherapy units, 51 beam  directions and 16 individual beam lets 
per beam direction were used for the inverse planning and dose- 
volume optimization. A matrix size of 2 x 2 mm2 was used for 
the dose calculations. These Co-60 and 6 MV tomotherapy plans 
were analyzed and compared.

Tomotherapy dose plans for different hypothetical Co-60 units 
with custom binary MLCs, conventional T 780c and 6 MV linac 
units with a MIMiC® binary MLC were analyzed by comparing 
isodose distributions, DVHs and dose statistics (Figs. 2.8 and 2.9). 
Figures 2.8a,b show the tomotherapy dose distribution from the 
Co-60 unit with the 2 cm diameter source (T 780c) and the 3 cm 
diameter (hypothetical unit) cylindrical sources positioned at 
SADs of 80 cm. Figures 2 .8 c -f  present the tomotherapy isodose 
distributions for hypothetical Co-60 units with 3 and 5 cm-long 
rectangular sources at two different SADs of 70 and 80  cm. 
A visual and qualitative inspection of dose distributions 
demonstrate highly conformal high dose regions covering the 
target volumes (CTV, right and left nodes), while low dose regions 
surround the spinal cord region. A comparison of dose statistics 
(n ot show n h ere ) of all these plans show that each of these plans 
m eets the dose criteria set for the target (CTV and nodes) as 
well as the OAR structures (i.e., cord and normal tissue). In all 
tomotherapy plans, the maximum doses in the normal tissue 
region (represented by external body contour minus all other 
contours) varied between 6 9 .3 -7 0  Gy, hile the average doses in 
the same region varied between 2 5 .9 -3 5 .5  Gy. The dose 
distributions (Figs. 2.8 and 2.9) demonstrate that the average 
dose in the normal tissue region is higher for the units with larger 
sources and shorter SADs.
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Dose (Gy)

Figure 2 .8  Tomotherapy dose distributions in Gy for various Co-60 unit 
designs (a) the T780c unit with a 2 cm diameter cylindrical 
source, SAD 80 cm using the standard MIMiC® system; 
and for the hypothetical units using custom binary MLCs
for (b) 3 cm diameter cylindrical source, SAD 80 cm;
(c) 3 cm-long rectangular (RS) source, SAD 70 cm; (d) 3 cm- 
long rectangular source, SAD 80 cm; (e) 5 cm-long 
rectangular source, SAD 70 cm; and (f) 5 cm-long rectangular 
source, SAD 80 cm.

Figure 2.9 presents the dose distributions for the tomotherapy 
plans from the 6 MV and T 780c units with MIMiC® binary MLCs. 
Both units are able to deliver highly conformal treatm ent doses 
around the target structures and low doses in the OAR regions. 
An analysis of the dose statistics show that both plans deliver 
similar doses to the CTV, nodes, spinal cord and other normal 
tissue regions. These plans were further compared using DVHs
(Fig. 2.9c) and the dose difference map (Fig. 2.9) showing similar
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regions of high and low doses between the plans. Results shown in 
Fig. 2.9 demonstrate that an existing clinical Co-60 unit e.g., 
T 780c may require minimal modification such as retrofit of 
a MIMiC® collimator to produce a clinically acceptable and 
comparable tomotherapy plan to a MIMiC® equipped 6 MV linac.

Figure 2 .9  A review of the optimized tomotherapy plans for 
(a) 6 MV linac and (b) the conventional T780c Co-60 unit 
incorporating the MIMiC® binary MLC. (c) DVH for the 
tomotherapy plans from 6 MV linac and T780c Co-60 units 
with MIMiC® MLCs. (d) The dose difference map: T780c 
plan minus 6 MV plan. Please note that in the dose 
difference map the yellow and green regions illustrated 
higher doses (in Gy) with the T780c plan, the blue regions 
represent the higher doses with the 6 MV plan and the 
regions with background color represent the region with 
negligible dose difference between the two plans.

2.5 Discussion

The tomotherapy plans for Co-60 units using sources with similar 
dimensions but different shapes were compared to investigate 
the dose distribution differences due solely to the shape. The 
analyses demonstrate that cylindrical and rectangular-shaped



sources with the same maximum dimensions along the fan beam 
(i.e., 3 cm diameter and 3 cm length) provide qualitatively similar 
intensity modulation and dose-volum e optimization (Figs. 2.6d 
and 2.9c,d). However, as previously demonstrated in Figs. 2.5 and 
2.6, the rectangular source is more efficient than the cylindrical­
shaped sources in term s of fan beam  radiation output. Therefore, 
the delivery from the unit with the rectangular source would take 
less time to achieve the desired tomotherapy treatm ent.

The overall dose-volume analysis o f treatm ent plans for 
the seven different tomotherapy units (one 6 MV linac and six 
Co-60 units) demonstrate that all plans m eet the dose objectives 
originally set for the targets (CTV, right and left nodes) as well as 
the avoidance structures (spinal cord and normal tissue). 
Although all these plans are clinically acceptable, the quality of 
conformality of dose distribution (particularly in term s of overall 
dose to the normal tissue regions), varies with size o f the source 
and SAD of the treatm ent unit. Considering the gains in fan beam 
output with rectangular-shaped sources compared to the output 
from the T 780c unit with the 2 cm diameter cylindrical source, 
the overall treatm ent times required for the tomotherapy plans 
with the rectangular sources will be significantly lower compared 
to that with the T 780c unit. The hypothetical units with 3 and 
5 cm-long rectangular sources at SADs of 80  cm are likely to take 
19%  and 30%  lesser treatm ent times than the T 780c unit, 
respectively. On the other hand, a similar unit with the 3 cm 
diameter cylindrical source, at 80  cm SAD, will take about 4%  
more treatm ent time than the T 780c unit. As noted previously, the 
treatm ent times will be reduced by an additional 30 .6%  for the 
hypothetical units at the SAD of 70 cm due to inverse square effect.

An analysis of the various Co-60 tomotherapy dose plans 
indicate that despite relative gains in fan beam  outputs, a 9%  
gain with the increase in length of the rectangular source from 3 to 
5 cm and an additional gain of 30.6%  on the decrease in SAD 
from 80 to 70 cm, compromises in the conformality of the dose 
distributions may lim it the practical adoption of these strategies. 
For example, the dose plan with the 5 cm-long source has poorer 
dose conformality than achieved by irradiation from the 3 cm-long 
rectangular source, particularly due to the doses delivered in the 
normal tissue region. Therefore, a change towards a 5 cm-long 
rectangular source is not well indicated.
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The tomotherapy dose distributions for the units presented 
here are based on the individual beam lets emanating through 
individual leaf-pairs of the binary MLC [19]. This limitation 
results from the in-house developed dose-volum e optimization 
program utilizing individual beam let dose data to generate the 
optimized dose distribution. Therefore, the distributions presented 
and discussed here are m ost likely diminished by exaggerated 
penumbra effects. Further improvement in the tomotherapy dose 
distributions is possible with calculations using a more advanced 
3D tomotherapy treatm ent planning system that is able to 
accurately characterize and model the large Co-60 sources and 
the binary MLCs. This may mean that dose distributions with 
large sources could be more conformal than the ones presented 
here. However, the results presented here are a good indication 
of the features o f Co-60 unit design that affect conformality of 
the dose delivery.

2.6 A Brief Review of Recent Developments in 
Co-60-Based RT

Despite the promise and potential of Co-60-based tomotherapy, 
research in this area thus far has not translated into development 
of a commercial clinical Co-60 tomotherapy unit. Even so, Co-60 
radiation therapy has advanced the course. A brief discussion 
of the recent progress is presented below.

Dhanesar et al. [21] have developed an aperture superposition 
dose model algorithm to accurately calculate dose distributions 
for finite sized Co-60 sources. This is a significant advance 
improvement for modeling of Co-60 sources in radiation treatm ent 
planning systems. The m ajority of planning system source 
modeling algorithms mainly cater to linac-based x-ray sources, 
Co-60 source modeling on these systems has been challenging. 
Dhanesar et al. have used the aperture superposition dose model 
for Co-60 extend to 3D tomotherapy dose calculations [2 1 -23 ].

Recently, significant breakthroughs have happened resulting 
in technological and commercial development of highly specialized 
clinical Co-60-based radiation therapy units such as the Tri- 
Co-60/MRIViewRay System (ViewRay, Inc., Oakwood, OH, USA, 
www.viewray.com) [1 0 -1 2 ] and the GammaPod™ system by the

http://www.viewray.com


Xcision Medical Systems (Columbia, MD, USA, www.xcision.com) 
(see reference [24]).

The ViewRay system (VRS) uses a rotating gantry assembly 
with three separate Co-60 source heads, three MLCs and a 0.35 
Tesla MR imager. The VRS integrates fulltime MR image guidance, 
Co-60-based IMRT delivery, and intelligent software automation. 
The system has a tremendous ability to visualize soft tissue on 
MRI to deliver real time image guided gated radiotherapy on a 
live anatomy during the radiation delivery [www.viewray.com]. 
In another novel development, the GammaPod™ system (Xcision 
Medical) is a dedicated breast cancer-specific stereotactic body 
radiation therapy unit using multiple Co-60 sources. The Gamma 
Pod™ system comprises a hemispherical source carrier containing 
36 Co-60 sources; the source assembly rotates in synchrony 
with the collimator system which offers apertures of 1.5 or 
2.5 cm, producing 36 non-coplanar, concentric arcs focused at 
the isocenter. The patient is treated in prone position with the 
breast positioned inside the hemispherical assembly and 
immobilized using negative pressure [www.xcision.com].

Also, in the area of conventional Co-60-based radiation 
therapy, there have been im portant advancements in conventional 
Co-60 units such as availability of MLCs, improved patient support 
systems and computerized control consoles and asymmetric 
jaws on Co-60 units. Best Theratronics (Kanata, Canada, www. 
theratronics.ca), traditionally a m ajor manufacturer of Co-60 
teletherapy units has heavily invested in the Theratron® Equinox™ 
unit, the m ost advanced mem ber of the Theratron® line of Co-60 
units. The Equinox unit is available with Multileaf Collimator 60 
(MLC 60) option, which is capable of 3DCRT and IMRT deliveries. 
A commercially enhanced version of Bhabhatron, originally 
developed by the Bhabha Atomic Research Centre (BARC, Mumbai, 
India), the Bhabhatron-II Co-60 unit (Panacea Medical Technologies, 
Bangalore; www.panaceamedical.com) is in clinical use at many 
cancer clinics in India and other LMICs. The Co-60 units, Equinox 
(Best Thertronics), and Bhabhatron-II and G-RAY (Panacea Medical) 
are available with several clinically im portant enhancements 
thus far usually available with linear accelerators, including 
features such as motorized wedges, auto-setup routines, Dicom-RT 
connectivity, anti-collision mechanisms, and rem ote diagnostic
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facilities; development work on integrating electronic portal 
imaging devices is also underway. Cobalt-60 units are also well 
suited for total body irradiation (TBI), a low dose rate RT, primarily 
used in conditioning regimens before bone m arrow transplantation. 
Recently available, GammaBeamTM500 Total Body Irradiator (Best 
Theratronics, Kanata, Canada) provides a simple, reliable and 
pragmatic solution to deliver TBI at a large uniform rectangular 
radiation field at extended source to skin distance of 220  cm.

Cobalt-60-based radiation therapy units have tremendous 
potential in the treatm ent of cancer in both conventional and 
state-of-the-art settings. These developments have shown that 
if  new ideas and novel approaches are instilled, Co-60-based 
technology can be harnessed to produce unique and potent RT 
units. We should recognize that radiation therapy facilities in 
different parts of the world, depending on their demographic 
location, resources, and clinical needs, may require different levels 
of sophistication in Co-60 units. Considering limited access to 
RT, many clinics in certain regions of LMICs may be well served 
with relatively simpler, practical and less expensive Co-60 units. 
The clinical use of highly specialized and sophisticated but 
relatively expensive, but affordable, Co-60 units may m eet clinical 
requirem ents of RT clinics in developed countries [2 -5 , 25]. A 
resurgence of the clinical use of Co-60 RT units in developed 
countries will help in dispelling m isperceptions about Co-60-based 
RT, potentially encourage em brace of Co-60-based RT in LMICs, 
particularly in places where access to clinically appropriate and 
affordable RT is limited.

2.7 Conclusions

Overall, investigations in this work demonstrate that a Co-60 
tomotherapy unit could provide adequate intensity modulation 
required for tomotherapy applications. The development of a 
Co-60-based tomotherapy unit can offer low cost, less complex 
and dosimetrically acceptable IMRT solutions via tomotherapy. 
Therefore, if technically feasible, an improved and redesigned 
Co-60 unit may provide reliable, low cost, low maintenance and 
state-of-the-art IMRT via tomotherapy. This may be of particular



interest to the LMICs where cancer patient population is greater, 
availability o f radiation therapy facilities is low, and the financial 
resources are scarce. Also a review of recent advances shows 
that Co-60-based radiation therapy units have tremendous 
potential in the treatm ent of cancer in both conventional and 
state-of-the-art settings.
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The ferrous sulfate-benzoic acid-xylenol orange (FBX) dosimetry 
system in aqueous form has found utility in several types 
of applications with photon- and electron-based radiotherapy. 
The optical density (OD) m easurements for dose estimation in the 
FBX were earlier performed with spectrophotometers. However, 
later it has been observed that simple filter-based colorim eters 
are equally effective for OD m easurem ents for many applications. 
This reduces the cost o f the FBX system significantly. FBX has also 
shown potential for applications in heavy-particle radiotherapy 
that is increasingly being used for cancer treatm ent. As a true 3 
D dosimeter for modern radiotherapy delivery systems FBX in 
gel form is being extensively researched. FBX gel system could be 
very close to an ideal dosimetry system for 3D dose mapping in 3D- 
conformal radiotherapy, stereotactic radiosurgery/radiotherapy,
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intensity-modulated, and heavy-particle radiotherapy in terms 
of its performance and affordability.

3.1 Introduction

Radiation dosimetry has played an im portant role in standardizing 
and developing radiotherapy and other radiation applications. 
Accurate dosimetry for clinical and biological irradiators is 
critical for expecting the desired outcomes. From gas- 
filled ion-cham bers to various solid-sate detectors such as 
therm olum inescence detectors (TLDs), diodes, metal oxide 
semiconductor field effect transistors (MOSFETS) and films have 
been used for dose m easurem ent purposes. All these dosimeters 
have their own specific advantages for given situations. The 
technology for the delivery of radiation, especially in radiation 
oncology, has evolved over the century from the early uniform 
two-dimensional (2D) delivery of radiation to today’s 3D 
conformal radiation delivery technology using modern linear 
accelerators with intensity-modulated radiotherapy (IMRT), image 
guided radiotherapy (IGRT), stereotactic radiosurgery (SRS), 
and stereotactic body radiotherapy (SBRT) facilities. In addition, 
charged particles especially proton facilities are steadily coming 
into clinics. Brachytherapy has also advanced through 
improvements in delivery systems and 3D im age-based planning 
and source dwell position optimization. All these developments 
in dose delivery technology and 3D im age-based planning have 
resulted in high dose conformity around the tumor volume and 
sharp dose fall-off beyond it. The current, mainly morphological 
imaging, for tumor delineation is steadily giving way to better 
functional and molecular imaging leading to biologically guided 
radiotherapy (BGRT). This has the potential of changing the 
current paradigm of uniform irradiation of the target volume 
to non-uniform irradiation (dose painting) depending on the 
biological property of the various regions of the target. Accurate 
dosimetry for medical and biological irradiators is, therefore, 
critical for expecting the desired outcomes.

The main challenge in day-to-day clinical implementation of 
these high delivery technologies is their extremely low tolerance 
for errors. The cost of m istreatm ent due to even small errors 
is substantially high in term s of treatm ent outcomes/toxicities
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with these technologies [3]. Therefore, verification before, during 
and after delivery of radiation becomes im portant to ensure 
accurate delivery of treatm ent. Following are some of the 
dosimeters available for dosimetry verification as part of the 
quality assurance program:

3.1.1 Chemical Dosimetry

Measurement of chemical changes brought about by ionizing 
radiation in a system for quantifying the radiation dose is 
considered as chemical dosimetry. Many materials have been 
experimented with for their suitability as chemical dosimeters.

3.1.2 Fricke System

The Fricke system is possibly the oldest and the m ost reliable 
chemical dosimeter. The oxidation of ferrous ions in acidic aerated 
solutions was proposed as a chemical dosimeter by Fricke and 
Morse in 1927  [7]. The dosimeter is capable o f achieving 
an accuracy of better than 3%  with a measuring range 40  to 
400  Gy. On exposing the solution to radiation, the oxidation of 
ferrous ions to ferric ions is dependent on the absorbed dose. 
The ferric ion concentration may be measured in a variety of 
ways such as chemical titrations, the m ost reliable one employing 
a spectrophotometer. The measured difference in absorbance 
is related to the absorbed dose in the solution according to the 
following equation based on the Beer-Lam bert law:

D = n a x A(OD),

P GT

where D is the average absorbed dose in the solution, NA the 
Avogadro constant, A (OD) the difference in absorbance before 
and after irradiation, G the ferric ion G-value, t the cell path 
length, and em the molar absorption coefficient for ferric ions.

The ferric ions have absorption maxima at the UV wave 
lengths of 2 2 4  and 304  nm and the reported and recommended 
molar absorption coefficients values are e224 (Fe3+) = 4565  M-1 cm-1 
and e304 (Fe3+) = 22 0 5  M-1 cm-1. Thus the dosimeter sensitivity is 
approximately doubled when m easurem ents are carried out at 
2 2 4  nm. However, impurities from plastic containers are more



troublesom e at 2 2 4  nm than at 3 0 4  nm [19]. The response of 
the dosimeter is linear up to 350  Gy. The Fricke system has been 
extensively studied over the years using photons and electrons. 
The ICRU in its report No. 14  [19] recommended it for absorbed 
dose standardization. At present it is one of the three methods, 
along with calorim etry and ionometry, that are sufficiently 
accurate to form the basis of primary standards for measurements 
of absorbed dose to water [18]. The Fricke primary standard for 
absorbed dose to water is based on the response of the system to 
an electron beam  of known energy and fluence completely 
stopped in the Fricke solution [6, 37].

3.1.3 Ferrous Sulfate-Benzoic Acid-Xylenol Orange 
Dosimetry System

The ferrous sulfate-benzoic acid-xylenol orange dosimeter is a 
modified Fricke dosimeter developed by Gupta and co-workers 
[8 -1 0 , 1 2 -1 4 ] to increase the sensitivity of the latter at low 
doses. The m easurable range of the FBX dosimeter is from 0.1 to 
3000  cGy. The aerated FBX system contains 0.20 mM (0.2 mol m-3) 
ferrous ammonium sulfate, 5.0 mM (5.0 mol m-3) benzoic acid 
and 0.20 mM (0.2 mol m-3) xylenol orange in 0.08N (40 mol m-3) 
sulfuric acid (FBX dosimeter). Originally the sulfuric acid 
concentration was 0 .025 mol m-3 [10]. However, it was found out 
later that the acid concentration for optimal complex formation 
depended on the supply source of XO, for example for Loba 
Chemie XO it was 0.08N [11]. The optical density measurements 
are done at about 540  nm in the visible range unlike UV range 
of the Fricke system, thus simplifying the m easurements as well. 
The low dose measuring capability of the FBX system opened 
new opportunities for its applications in radiotherapy.

3.1.3.1 Applications of FBX dosimetry in radiotherapy

The aforementioned properties of the FBX system show that 
it not only retains all the advantages of the Fricke system, it has 
the added advantages such as the low dose measuring capability, 
simplicity of m easurements in that spectrophotom etric 
measurem ents are performed in the visible range. Also the molar 
absorption coefficient of Ferric-XO complex is independent of 
tem perature of the solution in the normal room temperature
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range unlike Fricke [10]. The FBX system, therefore, can be a very 
versatile and cost effective dosimetry system in radiotherapy. 
It has indeed shown utility in dose measurements in a water 
medium for photon and electron beams of various energies used 
in radiotherapy. It has been found useful for PDD measurements, 
output calibration [15, 16], postal dose intercom parison [12] 
in external beam  therapy and for source calibration [25] and 
in vivo dose m easurem ents [4] in brachytherapy. Pejuan and 
Kuhn [31] found its potential for neutron dosimetry in radiation 
protection. Benedetto and Harris [2] measured absorbed dose 
from radionuclide solutions by mixing FBX with them. Gupta 
and Nilekani [17] measured electron (beta) backscatter from 
a 90S r-90Y source by using thin layer o f the FBX solution. They 
found out that the backscatter was underestimated by the other 
dosimetry techniques such as ionometry and TLD method.

3.1.3.1.1 In vivo (entrance) dose measurements with 
the FBX system

In radiotherapy, the aim is to deliver a known radiation dose 
with accuracy to a target volume in a patient and spare the 
surrounding normal tissues, in order to eliminate the cancer 
cells with least side effects of radiation. However, in practice it is 
difficult to m eet the goal perfectly. There is inaccuracy or 
uncertainty in the dose delivered to the target and at the same 
time surrounding normal tissues also receive part of the radiation 
dose aimed at the target. Among the many QA tests performed 
for ensuring accurate delivery of radiation dose, in vivo dosimetry 
provides an overall test of the whole system up to and including 
patient setup and treatm ent delivery. It can consist of entrance 
dose, exit dose, intracavitary dose measurements, and the 
determination of the dose delivered to critical organs such as 
the eyes or the gonads.

In vivo dosimetry has a long history. Sievert performed 
patient dose m easurem ents with small ion chambers in 1932 
[23]. Therm olum iniscent dosimeters (TLD) for in vivo dosimetry 
were introduced in routine therapy in the 1960s and since then 
have been used widely for the purpose [5, 21]. Among the many 
TL materials, LiF has been the m ost extensively used TL compound 
in radiotherapy dosimetry [26]. When considerable care is taken, 
precision of approximately 3%  may be obtained with TLDs.



Following the work of Rikner [33], the semiconductor diodes 
have been increasingly used for in vivo dose measurements for 
the last two decades [1, 5, 2 2 -2 4 , 27]. The diodes have the 
advantages of instant read out which can help in correcting 
the source of error immediately and better spatial resolution 
because of small measuring volume. But diode response is more 
energy dependent than the TLDs. MOSFET dosimeters due to 
their very small size and ruggedness are also considered useful 
for in vivo dosimetry [32].

The FBX system could be a suitable dosimeter for in vivo 
measurem ents owing to its properties such as water equivalent 
composition, energy and tem perature independent response. 
Semwal et al. [35] carried out in vivo dose m easurements with 
FBX dosimeter for patients undergoing external beam  radiotherapy 
with telecobalt machines. Dynamic dose profile measurements 
(virtual wedge) were also carried out with the FBX system [34]. 
Carbon beam  dosimetry using FBX showed that the sensitivity of 
the dosimeter is about 25%  that with gamma or x-rays [36].

3.1.3.1.2 Assessing potential of FBX dosimeter for dynamic 
(virtual) wedge profile determination

The dynamic wedge (DW) was originally proposed by Kijewski 
and Levene in 1978. The advents of digital linear accelerators 
have made it possible to use DW in clinics. The first 
im plementation of dynamic wedge was accomplished by Leavitt 
in 1991. It has now becom e a common feature o f the modern 
linear accelerators and is preferred over the physical wedges 
that have been in use for a long time. A wedge-shaped profile by 
dynamic wedge technique is generated with computer controlled 
dose delivery rate and jaw  movement. The monitor unit output 
from the treatm ent machine as a function of moving jaw  position 
is specified by a segmented treatm ent table stored in the 
accelerator computer. In effect, the dynamic wedge is created 
by delivering an open field radiation for m ost of the beam-on 
duration. For a small part, the radiation is delivered while one of 
the independent jaws of the collimator is continuously moving. The 
jaw  may either be opening-out or closing-in depending upon the 
design chosen by a particular manufacturer o f a linear accelerator.

The dynamic wedge has led to significant practical and 
dosim etric improvements over the physical wedge (PW) such as
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(i) no beam hardening effect as there is no filtration of the beam;
(ii) saving in beam -on and setup times; (iii) improvement in dose 
homogeneity within the target volume; this is possible because 
unlike physical wedges, the isodose profile angle is maintained at 
deep depths in the DW case, whereas in the PW case the profiles 
flatten in the “toe” region of the wedge at deep depths; and 
(iv) reduction in the surface and peripheral dose.

The percentage depth dose m easurem ents for an open or for 
a DW field are not different and a single detector is enough for 
the purpose. However, to measure the dynamic wedge profiles in 
directions perpendicular to the beam axis, a dosimeter has to be 
static in order to integrate dose during the entire dose delivery 
process o f one DW operation. Multiple diode detector/ ion 
chamber arrays, called as linear detector arrays (LDAs) and films 
are commonly used for such measurements, having their own 
advantages and disadvantages. One of the difficulties with the 
LDAs is that each of the two dozen odd detectors needs to be 
calibrated prior to such measurements. The films may be used 
more efficiently as it involves less m easurem ent preparation 
and fewer times of DW operations as compared to the LDAs. 
However, many steps in the film dosimetry procedure such as 
film processing are very sensitive to subjective errors and hence 
require utm ost care for reliable dosimetry m easurements.

The FBX dosimeter has not been studied for DW profile 
measurements. The DW is a precursor to dynamic conformal 
radiotherapy and suitability of FBX for the dosimetry o f DW 
would open up further opportunities for its applications in the 
latest field of intensity-modulated radiotherapy. In addition to 
the qualities of the FBX dosimeter mentioned in the preceding 
paragraphs, it also needs to be emphasized that there is 
insignificant additional cost in making an array of dosimeters 
required for dynamic wedge dosimetry. The low cost of the FBX 
dosimeter was also a factor in undertaking this study.

3.1.3.1.3 Response of the FBX dosimeter to a carbon beam

The linear energy transfer (LET) value of a radiation is an 
im portant consideration in chemical dosimetry as the response 
of the dosimeter depends on the LET. For low-LET radiation 
such as x-rays, gamma rays, and electrons, the free radical 
(H, OH) yields are high and the molecular yields (H2, H2O2) are



low since the concentration of the free radicals is low along the 
tracks of such radiation and hence relatively few radicals react 
with one another while the m ajority react with solutes. The water 
radiolysis yield (G-values) for cobalt-60 gamma rays of these 
primary products in 0.4 mol/L sulfuric acid is as follows: 
Gh (3 .70), Goh (2.92), GH2 (0.39), GH2O2 (0.78), where as the G- 
values for B10(n, a )L i7 are Gh (0.23), Goh (0.41), GH2 (1.66), GH2O2 
(1 .57) [38]. Many studies are available on the response of the 
Fricke system to various types of charged particle beams having 
a wide range of LET values. Chatterjee and Magee (1980) 
developed a successful model for heavy-particle tracks and 
calculated the response of the Fricke system for H, He, C, Ne, Ar, 
and Fm particles. Laverne and Schuler (1987) experimentally 
determined the response o f Fricke system for He, Li, Be, B, and 
carbon beams with energies up to 35 MeV. The LET values are 
20 KeV/^ for the helium and 100  KeV/^ for the carbon beam. 
These studies showed that the response of the Fricke system 
decreases with increasing LET. In a review article, Laverne 
(2000 ) has given an account as to how higher LET values result in 
lower G-value for a system like Fricke.

Protons and heavy particles such as helium ion, p-meson, 
carbon, neon, oxygen, etc. are considered to be useful in 
radiotherapy, some of them  being in use also, for their superior 
physical and biological characteristics. Among these particles, 
the optimal mass suitable for radiotherapy is considered to be 
that of carbon or oxygen. However, work has not been reported 
on the response of the FBX system to high LET particles except 
for 10B(n, a ) 7Li recoils where the sensitivity of the FBX has been 
found to be 22 .1%  as compared to that for gamma rays.

To assess the potential of the FBX system in charge particle 
radiotherapy, the logical first step would be to determine the 
response of the system to a charge particle beam. Carbon beam 
has been chosen in the present work for its applicability in 
radiotherapy.

3.2 Experiments

3.2.1 Preparation of FBX Dosimetry Solution

The first-time cleaning of the glassware (5 mL beakers, 500  mL 
volumetric flask, 0.2 mL pipette), plasticware (wash bottles,
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irradiation tubes, etc.), and stainless steel spatula was done as 
per the following standard procedure: Glassware was kept filled 
with 1:1 HNO3 and H2SO4 for 24  h and then washed with running 
tap water and finally rinsed with distilled water. Plasticware 
were kept filled or im mersed in 10%  HNO3 for 24  h and then 
washed with running tap water and finally with distilled 
water. The irradiation tubes were filled with distilled water or 
dosim etric solution and irradiated with a dose of 50 Gy when 
used for the first time. The stainless steel spatulas were cleaned 
in running tap water and then distilled water. When not in use, 
the irradiation tubes were kept filled with dosim etric solution 
for longer duration and with distilled water for shorter duration.

First, distilled de-ionized water (DW) easily available in a 
hospital setup, instead of double distilled water, was used for 
solution preparation. To prepare 500  mL of FBX dosimetric 
solution, standard method mentioned in literature was followed 
[15]: To get the composition of 2 x 10 -4 mol dm-3 (0.20 mM) ferrous 
ammonium sulfate (FAS), 2 x 10 -4 mol dm-3 (0.20 mM) xylenol 
orange (XO) and 5 x 10 -3 mol dm-3 (5.0 mM) benzoic acid (BA) 
in 0.04 mol dm-3 (0.08N) sulfuric acid (SA), 39.2 mg FAS, 76.1 mg 
XO and 305.3 mg BA were required. Weighing of these compounds 
in a microbalance was done in 5 mL glass beakers instead of 
using foils/ paper slips to avoid contamination.

The BA was dissolved in DW in a 500  mL volumetric flask 
by warming it in a water bath. The solution in the flask was now 
allowed to cool or was force cooled under running tap water to 
bring it to room temperature. Using a 0.2 mL pipette, 1 .066 mL 
of concentrated SA was added to the solution. The FAS and XO 
were added to it and the volume was made up to 500  mL by 
adding DW. To aerate the solution sufficiently, the stopper cap of 
the volumetric flask was put on tightly and the solution shaken 
by turning the flask upside-down a number of times. The stopper 
was removed to le t some air into the flask and placed back onto 
the flask. The process was repeated five times to aerate the 
solution. The solution thus prepared was stored in a refrigerator.

From the initial observations and results, it was realized 
that the method of solution preparation starting from weighing 
the chemicals to dissolution of the constituents needed 
streamlining to get reproducible results. Some of the precautions 
taken were (i) addition of FAS in the solution only after the 
addition of sulfuric acid. This was done to avoid formation of



precipitate during solution preparation the cause for which was 
the formation of hydroxides by ferrous ions in water in a non- 
acidic medium. (ii) in no case was FAS added to heated solution 
to avoid therm al oxidation of ferrous into ferric (iii) excess 
chemicals once taken out into measuring beakers during weighing, 
were thrown away and not returned to the respective containers, 
to avoid contamination.

3.2.2 Spectrophotometer, Colorimeter and Optical 
Density Measurements

For m ost of the work reported in this chapter, spectrophotom eter 
used was Spectronic 20D from Milton Roy and Co. and colorim eter 
was Photochem Micro from Aimil Ltd., unless specified otherwise. 
The spectrophotom eter was used with the aim to assess the 
performance of the colorim eter-based FBX dosimeter. The 
absorbance path length in the spectrophotom eter was 1.2 cm 
and that in the colorim eter 1.0 cm. The Spectronic 20D had 
the spectral slit width 20  nm and wavelength readability 1 nm. 
The colorim eter had a set of five monochromatic filters having 
peak transm issions at 420 , 490, 540, 590  and 650  nm, respectively. 
Both the absorption measuring devices were single beam type 
and had circular aperture cuvette holders and test-tube like 
cuvettes. It was observed that changing the orientation of the 
cuvettes in the holders by rotating the cuvettes affected the 
absorbance value displayed. Therefore, orientation marks with 
indelible ink were made on the cuvettes and the holders for 
reproducibility of the positioning. Cuvette to cuvette variation 
was also noticed in both the cases. To avoid its influence on 
the experimental reading, cuvettes were carefully selected by 
matching absorbance for distilled water and also for FBX solution.

The wavelength calibration and linearity check of the 
spectrophotom eter were done as follows:

A solution of cobalt chloride using 2.25 gm of the compound 
to make 100  mL of solution was prepared in 1%  HCl. For 
wavelength calibration, a graph between wavelength and OD was 
plotted to find out the wavelength of maximum OD (absorbance). 
As shown in Fig. 3.1, the maximum OD value occurs at about 
510  nm, which agrees with the expected value for cobalt chloride.
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Figure 3 .1  W avelength (nm) vs. average OD. M easurem ents on 
spectronic 20D for a cobalt chloride solution. (:) shows the 
standard deviation (1SD).

To check the linearity, the concentration of the solution 
was varied in steps by making it half, one fourth and so on and 
the corresponding absorbance value at 510  nm was noted at 
each concentration. The straight line graph in Fig. 3.2 shows 
the linear response of the Spectronic 20D. While measuring the 
samples that were stored in refrigerator after irradiation, we 
noticed that optical density values shown were not stable.

Figure 3 .2
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Linearity test of spectronic 20D. Cobalt chloride solution 
concentration vs. average OD values. Measured on spectronic 
20D at 5 1 0  nm.
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was responsible for the changing OD values. To avoid this, it was 
decided to allow the samples to attain room tem perature before 
proceeding with the OD measurements. It was also a standard 
practice to rinse the cuvette twice before every sample was 
read-out, with the blank (stock) solution. The colorim eter or the 
spectrophotom eter was zeroed with blank solution after reading 
every two samples to correct for any drift.

3.2.3 Determination of Optimum acid Concentration 
and Maximum Absorption Wavelength

The ferric-xylenol complex formation is optimum at a particular 
sulfuric acid (SA) concentration in the solution. The optimum 
acid concentration and the wavelength of maximum absorption 
values depend, to some extent, on the maker of chemicals 
particularly that of XO, and the absorbance m easurem ent setup. 
To determine the optimum SA concentration (in term s of 
normality) for the chemicals used, FBX solutions of various 
normalities in respect of SA were prepared and their response 
measured by irradiating them to a fixed dose value of 200  cGy 
on a cobalt teletherapy machine. The graph in Fig. 3.3 shows the 
response of FBX at various normalities.
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Figure 3 .3  Response of FBX solution with varying concentration of 
sulfuric acid in the FBX solution, irradiated to 200 cGy of 
gamma dose. Acid concentration vs. OD. The data points 
show average OD of three readings.

The OD value is maximum for 0.08N solution, which means 
that complex formation is optimum at this normality. The value 
obtained agrees with that reported by Gupta et al. (1994) [11].
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The wavelength of maximum absorption (1max) as m easured on 
three makes o f spectrophotom eters (Spectronic 20D, Hitachi 
3300 , Hitachi U 2000) for the FBX varied between 544  to 555 nm 
for chemicals o f different brands. For the chemicals that we 
finally decided to use namely, FAS, BA, and SA from E-Merck, 
Germany and XO from Loba Chemie, Austria, the l max value was 
548  nm for the Spectronic 20D (Fig. 3.4).
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Figure 3 .4  Determining the wavelength of maximum absorption for 
the FBX system. Wavelength vs. OD for FBX solution irradiated 
to 200 cGy of gamma dose, measured on Spectronic 20D.

In the case of the colorimeter, the maximum absorbance was 
about the 540  nm band. Based on the above observations, it was 
decided to use l max = 548  nm for the work reported in this thesis 
in the case o f a spectrophotom eter and 540  nm in the case of a 
colorimeter.

3.2.4 Suitability of Polypropylene Tubes for Irradiation

The polypropylene tubes (PTs) procured from the m arket of 
13 mm outer diameter with approximately 1 mm wall thickness 
and 55 mm height were used for in vivo dose measurements. 
The tubes were given prior treatm ent as mentioned earlier 
before being used for experiments. The tubes were irradiated 
with specially made Perspex buildup caps and without the caps 
and the response of the FBX system was m easured at various 
doses. The buildup cap wall thickness was approximately 3 mm. 
The data presented in Fig. 3.5 show that the response of the FBX 
system is independent of the buildup cap.
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Figure 3.5 Dose vs. OD for FBX dosimeter irradiated with 
cobalt-60 gamma rays. The FBX solution was filled in 
polypropylene tubes used with and without Perspex 
buildup cap. The OD values shown are average for five 
tubes at each dose level.

The reason could be that the solution thickness in the tubes 
along with the 1 mm wall thickness of the tubes was sufficient 
to provide the necessary buildup at cobalt-60 gamma energy 
(1.25 MeV). Therefore the tubes were always used without 
buildup cap for better spatial resolution and convenience.

3.2.5 Minimum Measurable Dose with Colorimeter and 
Spectrophotometer

To assess the suitability of a colorim eter-based FBX dosimeter, 
one of the preliminary requirem ents felt was to determine the 
minimum m easurable dose with reasonable accuracy (±3%  to 
4% ) in the routine setup. The lower the measurable dose, the 
better is the dosimeter. Reproducibility of the FBX dosimeter in 
a hospital environment was another im portant factor that needed 
to be determined before undertaking the main dosimetry work.

Following the aforementioned procedures, it was decided to 
find out the reproducibility of the dosimeter response for the 
existing setup. Five fresh batches of solution prepared over a 
period of three months were tested for reproducibility. Equal dose 
(100  cGy) under identical geom etric setup was delivered to 
five samples from each batch. The filling of solution into PTs, 
the irradiation of the tubes and the OD m easurem ents were
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carried out on the day the solution was prepared for each batch. 
The effect of storage of the FBX solution in the glass container, 
usually the measuring flask in which the solution was prepared, 
was also carried out. The dosimeters (filled PTs) were prepared 
from the FBX solution on the day of solution preparation and 
then on 7th, 15th, and 2 1 s t day. The reproducibility of the 
dosimeters was within ±3% , which was in close agreem ent with 
the published value [15]. However, it was observed that storage 
of dosim etric solution in the irradiation tubes either before 
irradiation or after irradiation resulted in larger deviations. 
Deviation as high as 6%  was noticed for dosimeters read after 
2 days. This could be due to reaction of the dosim etric solution 
with the tube m aterial or the evaporation of the dosimetric 
solution from the tubes. Therefore, it was decided to fill, irradiate, 
and read the dosimeters on the same day.

The FBX dosimeter was then calibrated for the dose range 
of interest in the prevailing environmental condition. For 
calibration, FBX solution was filled in the PTs and the irradiation 
was carried out on the TH780E cobalt teletherapy machine for 
doses varying from 5 to 200  cGy. The teletherapy machine out­
put was measured with an ion-cham ber-based secondary standard 
dosimeter whose calibration was traceable to the Secondary 
Standards Laboratory, BARC, Mumbai. Three tube samples were 
irradiated at each dose level. To minimize tim er error at the lower 
doses, the exposure time was increased by irradiating the tubes at 
longer distances (up to 170  cm SSD). A water phantom was used 
for irradiation purposes. Absorbance m easurem ents were then 
carried out on the Spectronic 20D spectrophotom eter at 548  nm 
and on the colorim eter at 540  nm. To minimize contamination, 
the tubes were always rinsed with distilled water and then three 
times with FBX solution before being filled for irradiation and 
measurements. It was ensured that the OD was measured at 
least 30 min after irradiation to allow for the reactions leading 
to ferric-xylenol complex formation to get completed. The dose 
Vs OD graphs (Fig. 3.6) show that the slope of the graph is more 
for the spectrophotom eter as compared to that of colorim eter 
implying the higher sensitivity of the spectrophotometer.

It could be inferred from the data that the minimum 
measurable doses with reasonable accuracy with the colorim eter 
and the spectrophotom eter are approximately 5 -1 0  and 5 -7  cGy,



respectively. This performance was considered adequate to use 
the dosimeter for the proposed work. However, apart from the 
sensitivity factor, a limitation with the colorim eter was that it 
required a minimum of about 1 mL solution for OD measurements 
and hence, as it would be observed later, the colorim eter could not 
be used in situations where the solution quantity available was 
less than 1 mL.
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Figure 3 .6  Dose vs. average OD values for FBX dosim eter irradiated on 
a telecobalt machine in polypropylene tubes and OD 
measured with spectrophotom eter (5 4 8  nm) and colorim eter 
(5 4 0  nm).

3.2.6 In vivo (Entrance) Dose Measurements with 
the FBX System

The FBX solution was prepared as per the method described in 
Section 3.2.1. Stoppered cylindrical polypropylene tubes, details 
mentioned in Section 3.2.4, were used as dosimeters (irradiation 
vials). It  was planned to measure entrance doses on patients 
treated on a TH -780E cobalt teletherapy machine. A total of 220  
setups (143 fields, 100  patients) were considered in this study. 
Usually one but occasionally two m easurem ents (setups) were 
done per field. We selected only two simple categories of patients 
for our work namely patients getting radiation in the pelvic and 
in the cranial regions, with parallel opposed fields thus avoiding 
uneven surface for placem ent of the irradiation tubes. No wedged 
or oblique beam s were chosen for this work as the primary aim 
had been to assess the suitability of the FBX system for dose
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measurem ents on a routine basis in a hospital environment. Of 
the total 220  setups measured, 100  were cranial irradiations and 
120  pelvic irradiations, both categories having 50 patients each.
All except 6 out of the 100  patients were treated isocentrically 
by parallel opposed beam portals. The remaining 6 were treated 
with constant SSD technique. For each patient, entrance dose 
(dose at dmax ) was measured at the central axis o f the beam.

The calibration of the FBX system (dose versus OD) for 
entrance dose m easurem ent was done on the day a new solution 
was prepared. For calibration, the FBX filled tubes were placed 
on the side surface o f an open top water phantom. The wall 
thickness was particularly thin (about 2 mm) over an area of 
about 15 cm x 15 cm from where the beam entered the surface 
simulating patient geom etry (Fig. 3.7).
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Figure 3 .7  Schem atic diagram of FBX dosim eter entrance dose 
calibration setup. The radiation beam  from the telecobalt 
machine fell on the one of the walls of the open top w ater 
phantom.

The machine output was measured in the same geometry at 
5 cm depth with a 0.6 cc farmer-type ion chamber along with 
Unidose, secondary standard dosimeter (both from PTW, 
Germany) for a 10 cm x 10 cm field size at standard SSD (80 cm) 
for the cobalt machine. The output at 0.5 cm depth (dmax) for 
cobalt-60 gamma rays was calculated from this using percentage 
depth dose value. As has been described in Section 3.5, the 
irradiation tubes’ dimension was sufficient to provide necessary 
buildup for cobalt-60 gamma rays and hence no additional 
buildup was used with the tubes. The known radiation doses 
were delivered at dmax position and the response of the FBX 
dosimeters noted in term s of dose versus OD. The calibration 
graph of the FBX dosimeters in this geometry was used to

FBX  tube

W ater
phan tom
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determine the entrance dose (dose at dmax) in the patients from 
the FBX response on the patients. A typical calibration graph is 
shown in Fig. 3.2. The calibration procedure was repeated every 
time a new solution was prepared. The solution prepared was 
stored in the measuring flask itself, to avoid contamination by 
using a different storage container, in a refrigerator at about 5°C. 
A solution once prepared was not used for more than one week 
in order to avoid the errors due to therm al oxidation, however 
small they might be. Filling of the tubes, their irradiation, and the 
OD m easurem ents on the colorim eter (Photochem micro 5 filters) 
at 540  nm were always completed on the same day. The patient 
setups were performed as usual by the technicians and after 
completion, the FBX tubes were fixed on the skin of the patients 
in the centre of the irradiation field. Expected entrance doses 
were calculated manually from Tissue air ratio (TAR) or percentage 
depth dose (PDD) data.

To assess the accuracy with which the FBX dosimeter can be 
used for entrance dose m easurem ents under clinical conditions, 
two patients were monitored over 8 treatm ent fractions, one for 
cranial irradiation and the other for pelvic irradiation.

3.2.7 Assessing Potential of FBX Dosimeter for Dynamic 
(Virtual) Wedge Profile Determination

The FBX solution was prepared as per the m ethod described in 
Section 3.3.1. To m easure the dynamic wedge profiles, an array of 
dosimeters was needed which remained static during the entire 
wedge operation.

The conventional LDA setup was imitated for measurement. 
Several FBX dosimeters (FBX solution filled tubes) were used to 
form an array, the number of tubes required depending of the 
tube size, spacing arrangem ent and the irradiation field size. 
Three sizes of dosimeters were used in this study namely,
(i) stoppered polypropylene tubes (PTs) of about 1.4 cm outer 
diameter, 5.5 cm length and 1 mm wall thickness available in the 
market; (ii) tubes made “in-house” from readily available needle 
covers of 5 mL disposable syringes; with some modifications, 
the needle bases were used as stoppers for the tubes; the outer 
diameter and length of these cylindrical needle cover tubes
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(NCTs) are about 0.6 cm and 5 cm, respectively; and (iii) tubes 
made from IV drip catheter (IVTs), by heat sealing at both ends, 
with outer diameter and length of about 0 .4  cm and 5 .0  cm, 
respectively. Before using these irradiation tubes for experimental 
purpose, they were treated as follows: first washed under running 
tap water and then kept filled with 10%  nitric acid for 24  h. After 
this, they were again rinsed with tap water followed by rinsing 
with distilled water and then filled with FBX solution and 
irradiated with a dose o f approximately 5 0 0 0  cGy. In the case of 
IVTs, the whole lengths of the IV catheters, before making 
individual tubes by heat sealing at both ends, were treated in 
this way. The filling of NCTs and IVTs with FBX solution was 
accomplished with a syringe to avoid formation of air spaces in 
them.

In this study, a Siemens Primus accelerator was used to 
deliver 6 MV photon beam  with 45° dynamic wedge (virtual 
wedge in Siemens machines) for a field size of 10 cm x 10 cm at 
depths of 1.5 cm (dmax for 6 MV photons), 10 cm and 20  cm in 
a Wellhoffer Blue Phantom at SSD 100 cm. For comparison of 
the FBX, measured profiles films were used. The films (Kodak 
X-Omat V verification films) were irradiated in a solid water 
phantom (virtual water from Med Tech, USA) and read on a 
Wellhoffer W P102 film densitom eter with a spatial resolution of 
2 mm.

The tubes were placed horizontally, in a set of 13 or 15 tubes 
in the case of PTs, and 25 tubes in the case of NCTs on a Perspex 
rectangular slab, which in turn was mounted on the regular guide 
rail of the blue phantom. Double-sided sticking tape was used 
for placing the tubes on the slab properly. The tubes had their 
long axis perpendicular to the long axis of the Perspex slab 
(Figs. 3.8 and 3.9).

The collimator rotation was such that the moving jaws 
were aligned along the length of the Perspex slab. The IVTs 
(25 in num ber) were irradiated in a “virtual water” solid phantom 
keeping 0.5 cm jelly bolus (Med Tech) immediately above and 
below them to reduce the formation of air spaces between the 
IVTs (Fig. 3.10). W et cotton was used to fill the air-spaces still 
remaining.
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Figure 3 .8  Polypropylene tubes (bigger ones) and needle cover tubes 
placed on Perspex slabs to form "arrays" ready for mounting 
in a radiation field analyzer (RFA).

Figure 3 .9  A needle cover tube (NCT) array mounted in an RFA guide rail 
for irradiation.

Figure 3 .1 0  IV chamber tubes (IVTs) placed on jelly bolus on a solid water 
phantom for irradiation.
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The PTs being larger in size, were placed without spacing 
between them, whereas in case of NCTs and IVTs, they were kept 
1 cm apart up to 3 cm on both sides o f the central axis, in the 
main part of the beam, and without spacing beyond this region to 
cover the steep dose gradient region. The final position of each 
tube with respect to the central tube was noted after the placement. 
The individual tube positioning error was 0.5 mm in the three 
sets of data taken with each type of “tube array.” The dose delivered 
at the central axis at all the depths was 200  cGy. Each type of the 
irradiation tubes were filled irradiated and read on the same 
day. The optical density m easurem ents were carried out on a 
colorim eter at 540  nm (Photochem micro 5 filters) for the PTs 
and the NCTs. For the IVTs, Hitachi U 3300  spectrophotom eter 
having a 50  |iL cuvette was used at 548  nm, the solution quantity 
available (about 200  |iL) being insufficient for colorim etric 
measurements.

The films were irradiated in the solid water phantom at 
100  cm SSD at 1.5 cm, 10 cm, and 20 cm depths. Films from the 
same batch were irradiated with different doses ranging from 
5 cGy to 150  cGy at the depths of profile m easurem ent to get the 
dose response curves of the film. Processing of the dynamic 
wedge films and the dose-response films was done at one time 
in an automatic film processor (Optimax from Protec, Germany) 
in order to avoid density changes due to altered processing 
conditions. Care was taken to use films from same batch for one 
set of experim ent that is for dose-density calibration and for DW 
profile measurements. Ion-chamber (0.13 cc IC15) from Wellhoffer 
was also used to measure static open field profiles at 1.5 cm, 
10 and cm depths and these profiles were compared with film 
profiles to validate the performance of the film. The off axis ratio 
values (OARs) were normalized to 100%  at dmax. The percentage 
depth dose measured with the IC-15 chamber was used to 
re-normalize the relative dose profiles at various depths measured 
with the film. The optical density film profiles read on WP 102 
film densitom eter were converted into dose profiles with the help 
of dose vs. OD calibration curves at each depth. The OAR values 
corresponding to the tube positions were determined from the 
film profiles using W P700 software for comparison.



3.2.8 Response of the FBX Dosimeter to a Carbon Beam

The irradiation experim ent was carried out at 15 UD Pelletron 
(16 MV Van de Graff machine) facility of the Nuclear Science 
Centre, New Delhi with 1 cm diameter carbon-12 beam. One of 
the improvisations required to carry out the experim ent was to 
devise a technique for irradiation as the radiation beam  from 
the Pelletron emerges horizontally. Further, the 55 MeV carbon 
beams that were available from the machine had a range of 
approximately 115 |im in water and hence the wall of container 
used for irradiation was required to be very thin to avoid 
attenuation to the beam  in the wall itself. The LET for this beam 
in water as calculated by TRIM 98.0  Monte Carlo code varies 
from about 300  KeV/^m at the entrance to reaching a maximum 
value o f about 800  KeV/ |im at 100  |im depth before the beam is 
completely stopped. Any irradiation vial to hold the FBX solution 
should have a wall thickness considerably less than 115 |im. 
A pilot experim ent with 20  mL glass bottles was done to test the 
feasibility of the procedure. The sidewalls of the bottles had 
plane surfaces. For beam entry, a hole of approximately 2 cm 
diameter was cut on one of the sidewalls of the bottles. The hole 
was then covered with a 6 ^m-thick polypropylene sheet with 
the help of glue. During irradiation, the solution was continuously 
stirred with a magnetic stirrer to homogenize the dose in the 
solution. The results obtained with this technique were not 
reproducible and also the dose and corresponding optical 
density values showed no relationship. Clearly the uncertainties 
associated with the experim ent overshadowed the dose response 
pattern. We believe that among the many reasons for such an 
outcome, contamination of the solution with the glue used to paste 
the polypropylene sheet and non-homogeneous dose distribution 
in the solution owing to a large volume of the solution were the 
m ost im portant ones. Moreover, time taken to deliver doses 
relevant for our experim ent (few cGy to few tens of cGy) to the 
solution was very long due to large volume of the solution and 
low particle flux (1 0 3- 1 0 4 particles cm-2 s-1) achievable from 
the Pelletron.

A new technique for irradiation in which very small 
quantities of solution could be homogeneously irradiated with 
minimum possibility of contamination of the solution was devised.
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In this technique, a 6 micron thick polypropylene sheet was 
used to prepare 1.5 cm x 1.5 cm size sachets; heat sealed from 
all sides. Micropipette was used to in ject known quantity of 
FBX solution into the sachets from a corner and the corner was 
once again heat sealed. Due care was taken during the filling to 
avoid air inside the sachets. For irradiation, the FBX filled sachet 
was mounted on a Perspex backing. It was kept stretched and 
compressed with a polypropylene sheet in order to make the 
solution thickness as uniform as possible. The sample thus 
mounted was kept at the exit window of the accelerator tube.

The energy of the carbon-12 beam falling on the sachet 
surface was 55 MeV, which was calculated to be 53.2 MeV when 
the beam entered the solution after traversing through the 
polypropylene sachet wall. The range of this beam in the FBX 
solution, which is practically water equivalent, was calculated to 
be approximately 115 |im. The calculations were based on Monte 
Carlo code TRIM 98.01 and were done at the Nuclear Science 
Centre, New Delhi. The total number of particles incident on a 
sample was found out from the monitor counts. The monitor 
system for counting was a surface barrier detector system 
calibrated prior to the sample irradiation and had an accuracy of 
better than ±2%.

The sachets were filled with 200  |iL solution making the 
solution thickness to be approximately 900  |im. The samples 
were then irradiated with the carbon beam; total number of 
incident particles on the samples ranging from 2 x 1 0 6 to 4 x 1 0 7. 
The Irradiation time was approximately between 3 to 30 min. 
In all, six different particle exposures were used with three 
samples for each exposure. Since the carbon beam completely 
stopped in a sample, the value of beam energy and the total 
number of incident particles on a sample were used for conversion 
of particle exposure into absorbed dose in Gray, given the mass 
of the sample.

Gamma irradiation was done in stoppered polypropylene 
tubes of 3.5 cm length, 1 cm inner diameter and 1 mm wall 
thickness with the necessary Perspex buildup cap on a cobalt 
teletherapy machine. The cobalt machine output was measured 
with a secondary standard dosimeter whose calibration was 
traceable to the Secondary Standards Laboratory at Bhabha 
Atomic Research Centre, Mumbai. The uncertainty in the



m easurem ent is ±2% . The absorbance (OD) of irradiated 
samples could not be measured on the colorim eter since the 
available sample volume of about 200  |iL was far less than the 
minimum required volume of over 1 mL for the colorimeter. 
Therefore the m easurements were carried out on a Hitachi 
U 3300 spectrophotom eter at 548  nm against the unirradiated 
sample as blank. Each sample was measured at least 30 min after 
irradiation to allow the reactions to be completed.

3.3 Results and Discussions

Table 3.1 and Fig. 3.11 show the measured data for the cranial 
and the pelvic irradiations, respectively, in term s of expected and 
measured dose ratio (MD/ED). The results for all the 220  setups 
comprising both the categories of sites are shown in Fig. 3.11 in 
the form of a histogram. Similarly Figs. 3.11 and 3.12 show the 
results for individual categories, i.e., cranial and pelvic irradiation, 
respectively.
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Table 3 .1  Cranial irradiation data in terms of measured dose/ 
expected dose (MD/ED %) for 100 setups (N = 100)

Sr. no. MD/ED (% ) Sr. no. MD/ED (% ) Sr. no. MD/ED (% )

1. 95.3 35 99.1 68 101.8

2. 95.3 36 99.1 69 102.6

3. 96.2 37 99.5 70 102.6

4. 96.2 38 99.5 71 102.6

5. 96.8 39 99.1 72 102.6

6. 96.8 40 99.1 73 102.5

7. 97.0 41 100.9 74 102.5

8. 97.0 42 100.9 75 102.8

9. 97.1 43 100.8 76 102.8

10. 97.1 44 100.8 77 102.8

11. 97.3 45 100.8 78 102.8

12. 97.3 46 100.8 79 103.7

13. 97.3 47 100.8 80 103.7

14. 97.3 48 100.8 81 110.3
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Sr. n o . M D /E D  ( % ) Sr. n o . M D /E D  ( % ) Sr. n o . M D /E D  ( % )

15. 97.8 49 100.8 82 110.3

16 97.8 50 100.8 83 103.9
17 98.1 51 100.4 84 103.9

18 98.1 52 100.4 85 103.9

19 98.3 53 100.5 86 103.9

20. 98.3 54 100.5 87 103.7

21 98 2 55 100.7 88 103.7

22. 98.2 56 100.7 89 104.8

23. 98.9 57 101.9 90 104.8

24. 98.9 58 101.9 91 104.9

25. 98.1 59 101.7 92 104.9

26. 98.1 60 101.7 93 104.9

27. 99.0 61 101.7 94 104.9

28. 99.0 62 101.7 95 105.8

29. 99.2 63 101.9 96 105.8

30. 99.2 64 101.9 97 109.2

31. 99.2 65 101.9 98 109.2

32 99 2 66 101.9 99 109.5

33 99.3 67 101.8 100 109.5

34. 99.3 — — — —
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Figure 3 .1 1  Frequency distribution of MD/ED (%) for cranial irradiation 
(N = 100), mean = 101.5%, SD = 3.3%.
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Figure 3 .1 2  Frequency distribution of MD/ED (%) for pelvic irradiation 

(N = 120, mean 99.5%, SD 2.9%).

The histograms show the data as frequency distribution 
where (N) is the number of treatm ent setups measured, (^) is 
the mean value, and (SD) is the standard deviation.

The results for the total 2 2 0  setups of the entrance dose 
m easurem ent showed a mean value of 100.2%  and standard 
deviation of 3 .2% . That means the average discrepancy or 
systematic error between the measured and the expected values 
was 0.2%.

In the case of whole-brain (cranial) irradiation, the mean 
value was 101.1%  (N = 100, SD = 3.3% ). Thus the average 
discrepancy was 1.1%  on the positive side. That means the 
measured values were higher than the expected value. The 
maximum discrepancy was +10.3%  and there were 8%  (8/100) 
setups showing significant discrepancy (more than 5% ). In the 
pelvic irradiation, the mean value was 99.5%  (N = 120, SD = 2.9% ). 
Therefore the average discrepancy or systematic error in pelvic 
irradiation was 0.5% . The maximum discrepancy in this case was 
-5 .8 %  and the number of cases having significant discrepancy 
was 3.3%  (4/120). The entrance dose reproducibility shows the 
daily variation of measured dose from calculated values in 
percentage for the two patients over eight days. It can be seen that 
the variation is within ±5%  with a mean variation of 0.16 ± 2.8%  
for pelvis and 0.75 ± 3.1%  for cranial irradiation, respectively. 
These values give an indication of the accuracy with which the
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FBX dosimeter can be used to m easure entrance doses on 
patients. For oblique beam  incidences, wedge fields and other 
geom etries the figures values may worsen.

As stated earlier, the overall discrepancy value of 0.2%  was 
not significant. The reason could be the fact that all the procedure 
from measuring patient dimensions to calculating treatm ent 
times, etc. were done manually and hence chances of any 
systematic error creeping in the procedure were very rare. Leunens 
et al. [23] in a somewhat similar study but with semiconductor 
diodes have reported a systematic error of 2 .75%  and attributed 
it to inaccuracies in algorithm used for dose calculations with 
the treatm ent planning system. Figures 3 .3 -3 .5  show that the overall 
results (N = 220 ) and the results for the two categories separately 
were near-Gaussian distributions. The pattern was similar to 
the published studies carried out by Leunens et al. [23] with 
semiconductor diodes.

The smaller discrepancy and SD in pelvic irradiation as 
compared to cranial irradiation was m ost probably due to reduced 
random errors in the former process. This could be attributed to 
the cross check and precision provided by the couch height scale 
of the cobalt machine in measuring the patient thickness in the 
AP and PA pelvic fields, which was not possible in the lateral 
fields used for brain irradiation. Hence, for brain irradiation one 
depended solely on the calipers measurem ents, which needed 
carefulness for precise m easurem ents and thereby increased 
the chances of errors. Also the surface on which the irradiation 
tubes were placed was much m ore plane in the pelvic region as 
compared to skull region. Further, the chances of errors in 
positioning of the FBX dosimeters were higher in the cranial 
irradiation due to unevenness of the surface and also because the 
positioning was to be done in a vertical plane causing instability 
in the positioning. In cases where the head was not shaved, the 
problem was especially acute. The causes for the significant 
discrepancies could be ascertained in all the incidents. In eight 
of the total 12 cases, error in patient dimension measurem ent 
by m ore than 2 cm was the cause o f the discrepancy. In two cases 
the discrepancy was noticed where treatm ent was planned for 
unequal beam  weightage requiring different beam  on times 
for the parallel opposed beams. The treatm ent was, however, 
erroneously delivered with equal beam on time. In two cases



(2/12), the constant source to surface distance (SSD) technique 
field was treated isocentrically as a constant source to axis 
distance (SAD) technique setup resulting in reduced SSD value 
for both the beams. This ultimately resulted in higher measured 
dose value as compared to expected dose.

It has been reported in literature that even with all precautions 
taken the film profiles still have errors up to 2% . Therefore before 
using the films for comparison with the FBX m easurements, it 
was decided to validate the film m easurements with ion-chamber 
measurem ents for at least two depths for open fields. The depths 
chosen were dmax (1.5 cm) and 10 cm. The dmax was included to 
observe whether the somewhat different beam spectrum at this 
depth will make difference in the film m easurem ent accuracy. 
The ion-chamber m easurements were regarded as definitive for 
testing the film accuracy. Table 3.2 shows the OAR values for the 
film and the ion chamber at 1.5 and 10 cm depths.
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Table 3 .2  Open field off axis ratio (OAR) values at two depths 
normal-ized at central axis (CAX) and measured with film 
and IC15

Off axis 
distance (cm)

OAR % (d = 
Film IC15

1.5 cm) OAR % (d  = 
Film IC15

10 cm)

7.0 — — 8.5 9.3

6.8 4.9 5.3 8.8 10.1

6.6 5.1 5.6 9.5 11.1

6.4 5.5 6.0 10.6 12.5

6.2 6.0 6.7 12.5 14.7

6.0 6.7 7.5 15.8 18.4

5.8 7.8 9.1 21.7 24.7

5.6 10.0 12.5 32.1 34.7

5.4 14.5 18.6 43.2 48.3

5.2 27.6 30.2 58.2 63.2

5.0 45.8 47.7 79.5 76.0

4.8 61 64.7 85.9 84.8

4.6 81.8 80.9 92.6 91.0

4.4 92 1 90.5 — —

4.3 — — 96.8 94.8
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Off axis 
distance (cm)

OAR % (d = 
Film IC15

1.5 cm) OAR % (d  = 
Film IC15

10 cm)

4.2 97.4 95.7 — —

4.0 99.9 98.1 98.5 96.4

3.8 101.1 99.3 99.2 —

3.5 101 99.9 98.4 97.8

3.0 100.9 99.8 99.5 98.3

2.0 100 99.5 99 98.9

1.0 99.4 99.8 99.6 99.7

0.0 100 100 100 100

-1.0 100.7 100.1 99.4 99.7

-2.0 101.5 101.1 99.5 99.8

-3.0 102.3 101.4 100.2 99.6

-3.5 102.2 101.2 99.7 98.6

-3.8 101.5 100.3 99.8 —

-4.0 100.5 99.1 99.1 97.1

-4.2 98.4 96.5 — —

-4.3 — — 97.2 95.3

-4 .4 93.5 91.5 — —

-4.6 83.5 81.8 92.5 91.6

-4.8 63.2 65.4 88.3 86.5

-5.0 43.5 47.7 75.7 77.7

-5.2 26.3 29.5 58.1 64.7

-5 .4 15.8 18.1 45.3 49.7

-5.6 9.3 11.6 31.1 35.7

-5.8 7.5 8.4 22.2 24.9

-6.0 5.6 6.7 15.6 18

-6.2 5.6 5.9 12.8 14

-6 .4 5.1 5.4 10.9 11.7

-6.6 4.9 5.1 9.8 10.4

-6.8 4.6 4.8 9.1 9.5

-7.0 — — 7.9 8.8



It is observed that the agreem ent between the film and the 
ion-chamber m easurements was better than ±2%  in term s of 
absolute difference in the percent dose (dose relative to central 
axis) in the main beam. In the penumbra region the differences 
corresponded to positional error of up to 1 mm. The good 
agreem ent for open fields between the film and the ion-chamber 
measurem ents m eant that the films could be used for DW profile 
measurem ents to confirm the FBX measurements since the jaw 
movement is the only mechanism involved to create the wedge 
distributions in an open field and hence a DW field has the 
spectra at depths comparable to those in the corresponding open 
fields. Therefore the film calibration factors obtained from the 
open fields could be used for the DW fields. The difference in 
processing condition was in term s of change in processing 
tem perature (a change of about 3°C or m ore) and the strength of 
the processing chemicals.
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Table 3 .3  Off axis ratio (OAR) values obtained with tubes (PTs) array 
at three depths

Off axis position (cm)
D

OAR 
= 1.5 cm D

OAR 
= 10 cm

Film PTs Film PTs
9.9 — — 2.9 2.4

8.5 2.9 6.2 3.2 4.1
7.1 4.8 9.0 10.1 12.3
5.7 12.5 17.3 39.3 47.5
4.3 115.9 108.1 115.2 110.1
2.8 113.7 112.5 110.4 109.5
1.4 106.4 105.3 105.3 106.3

0.0 100.0 100.0 100.0 100.0
-1 .4 94.3 93.1 94.6 95.7
-2.8 89.2 90.3 88.9 87.5
-4.3 79.0 73.8 80.7 76.2
-5.7 10.0 15.3 25.3 34.2
-7.1 4.2 7.8 7.5 9.2

-8.5 2.6 6.5 2.9 4.6
-9.9 — 00 2.2 3.1

Note: The OARs are norm alized at the centralized axis.
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The OARs measured with PTs, NCTs and IVTs for the 45° DW 
at 1.5, 10 and 20  cm depths are given in Tables 3 .3 -3 .5 , respectively, 
along with corresponding film OARs.

It is observed that in the central region, the film and the FBX 
values agree closely, irrespective of the irradiation tube size, 
whereas towards the beam  edges the differences among various 
tube sizes increase. As shown in Table 3.3, the OARs for the FBX 
(PTs) and the film agree to within ±1%  (absolute difference in 
percentage dose calculated with respect to Dmax value) in the central 
region at all depths whereas in the steep dose gradient region this 
difference corresponds normally to an average positional error of 
about ±2 mm with a maximum of about 2.5 mm. Table 3.4 shows 
that for the NCTs the agreem ent is within ±1.5%  in the main 
beam region and within ±1.5 mm in the penumbra region. For 
the IVTs, Table 3.5 shows that the error in the central region is 
within ±1.9%  and in the penumbra region it is about ±1 mm.

Table 3 .4  Off axis ratio (OAR) values obtained with film and needle 
cover tubes

OAR OAR OAR
D == 1.5 cm D = 10 cm D == 20 cm

Off axis
position (cm) Film NCT Film NCT Film NCT
7.5 3.9 2.6 8.1 9.6 — —
7.4 — — — — 16.2 18.6

6.8 5.4 4.8 11.9 13 22.6 25.7
6.2 7.3 8.8 18.7 20.5 44.9 40.1
5.5 17.7 18.3 55.2 63.9 97.9 96.3
4.9 68.8 55.3 103 101.9 111.9 110.7
4.2 118.7 117.5 115.3 113.7 112.1 110.6
3.6 118 119.2 111.7 110.2 110.5 111.2
3.0 114.6 116.0 111.0 110.6 108.8 109.7

2.0 108.9 107.8 107.3 106.8 106.1 105.1
1 0 104.6 105.2 103.9 103.7 103.3 102.6
0.0 100.0 100.0 100.0 100.0 100.0 100.0
-1.0 95.7 94.2 96.1 95.3 96.3 95.4
-2.0 92.4 93.8 92.4 93.7 92.7 93.9

(C ontiuned)
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Table 3 .4  (Continued)

D
OAR  

= 1 .5  c m D ■■
OAR  

= 1 0  c m D
O AR  

= 2 0  c m

O ff a x i s
p o s i t i o n  ( c m )  F ilm NCT F ilm NCT F ilm NCT

-3.0 88.6 90.1 88.2 87.1 88.8 89.6

-3.6 — — 85.1 83.5 85.9 8 1 :

-3.7 85.4 84.5 — — — —
-4.3 79.0 77.8 — — 82.1 80 6

-4 .4 — — 79.2 78.2 — —
-4.9 48.5 56.8 — — 76.6 74.8

-5.0 — — 63.7 65.9 — —
-5.5 13.6 14.9 — — 59.5 62.9
-5.6 — — 28.5 33.8 — —
-6.1 6.7 7.7 — — — —
-6.2 — — 13.0 11.4 24.3 27 9

-6.7 3.9 2.2 — — — —
-6.8 — — 9.1 10.2 15 18.2

-7.4 2.9 1.9 6.1 7.7 — —

-7.5 — — — — 11.9 9.5

N ote: The OARs are norm alized at the centralized axis.

Table 3 .5 Off axis ratio (OAR) values obtained with film (IVTs) cathe 
tubes array at three depths

D
OAR  

= 1 .5  c m D
O AR  

= 1 0  c m D
O AR  

= 2 0  c m

O ff a x i s

p o s i t i o n  ( c m )  F ilm

IVT

OAR F ilm IV Ts F ilm IV Ts

69. 5.6 3.8 11.3 13.9 — —

6.4 6.7 8.5 14.5 16.3 20.5 23.8

6.0 8.3 10.2 22.2 25.1 34.3 38.2

5.6 14.1 17.3 44.8 52.7 61.6 55.7

5.2 32.8 39.9 95.6 92.3 92.9 90.4

4.7 91.3 83.1 106.4 104.3 108.5 106.8

4.3 115.9» 114.9 115.1 113.8 112.2 110.3
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D =
OAR 
1.5 cm D ■■

OAR 
= 10 cm D

OAR 
= 20 cm

Off axis
position (cm) Film

IVT
OAR Film IVTs Film IVTs

3.9 116.8 118.2 114.2 112.4 111.3 111.9

3.4 119.7 117.9 112.6 113.7 109.9 11.3

3.0 114.6 112.6 111.0 112.9 108.8 110.4

2.0 108.9 107.2 107.3 105.8 106.1 105.7

1.0 104.6 105.9 103.9 104.5 103.3 104.2

0.0 100.0 100.0 100.0 100.0 100.0 100.0

-1.0 95.7 94.3 96.1 97.5 86.3 95.1

-2.0 92.4 93.2 92.4 93.9 92.7 94.3

-3.0 88.6 87.1 88.2 86.6 88.8 87.2

-3.4 87.1 88.5 86.0 87.2 86.4 85.2

-3.9 84.1 85.9 83.3 84.5 84.5 82.7

-4.3 79.0 77.5 80.4 78.1 82.1 81.5

-4.7 62.3 57.6 71.8 69.6 79.0 78.2

-5.2 26.6 31.7 53.1 57.9 71.2 68.2

-5.6 11.4 13.2 28.5 33.2 55.0 59.8

-6.0 6.5 8.1 15.0 17.3 32.4 36.5

-6 .4 5.5 4.3 10.7 12.5 19.8 22.3

-6.9 4.7 2.7 8.8 9.2 14.1 11.5

Note : The OARs are norm alized at the central axis.

The close matching of the FBX values with the film values in 
the central region irrespective of the tube size could be attributed 
to the fact that in this region the dose gradient is gradual and 
alm ost linear and hence the size of the tubes is not important. 
The small difference that is still observed may be due to the errors 
introduced mainly in the FBX m easurem ents during various steps 
in the dosimetry procedure such as filling of tubes, placements 
of the same in the phantom and their subsequent read out in the 
colorim eter or the spectrophotometer. The overall random error 
is maximum (1.7% ) in case of IVTs. This could be attributed to 
larger errors introduced during filling and extracting of a 
considerably small quantity (about 200  |iL) of FBX solution from



the sealed IVTs and transferring the same for reading in a 50 |iL 
cuvette. The overall error values for PTs and NCTs are 0.7%  and 
1.1% , respectively. The larger difference between the IVT and 
the film m easurements (1.9% ) in the central (main beam ) region 
as compared to that o f PTs and NCTs could be due to the larger 
random error in the IVT case. The increased difference between 
the film and the FBX m easurem ents in the steep dose gradient 
(penumbra) regions is mainly related to the size of the tubes; 
the larger tubes having lower spatial resolution. However, the 
improvement in spatial resolution in the beam edge regions for 
the IVTs as compared to NCTs is not in proportion to the reduction 
in tube size as is the case when going from PTs to NCTs. The 
reason again could be the larger random error associated with 
the IVTs relative to PTs and NCTs, offsetting the advantage 
associated with smaller tube size.

The dose delivered to the samples ranged from 9.8 to 170.2 
cGy. When we compare data of Co-60 gamma rays, which clearly 
shows that the sensitivity o f the FBX system for carbon beam  is low 
as compared to that for gamma rays. At 100  cGy dose the optical 
density values are 0 .028 ± 4.2%  and 1.10 ± 2.2%  for carbon 
and gamma rays, respectively. By comparing these values, we 
find the sensitivity ratio to be 25.5% . The overall uncertainty in 
dose estimation introduced due to individual uncertainties in 
various term s namely number of incident carbon particles (2.0% ), 
carbon beam  energy (0 .003% ), sample mass (0.7% ), absorbance 
(4.2%  and 2.2%  for carbon beam  and gamma rays, respectively) 
is 4.7%  and 3.0%  for carbon beam  and gamma rays, respectively. 
In term s of random and non-random components, the uncertainty 
values are 4.2%  and 2.1%  for carbon and 2.2%  and 2%  for 
gamma rays, respectively. The overall uncertainty is calculated 
by summing the individual uncertainties in a quadratic manner. 
By this method, the uncertainty in the sensitivity ratio comes out 
to be 5.6%.

We also performed G (Fe3+) calculations for comparison with 
published values. The formula used for calculation is based on 
Beer-Lam bert law and can be written as

92 Ferrous Sulfate-Benzoic A cid-Xylenol Orange Chemical Dosimetry System in Radiotherapy

(9 .6 4 7 x 108 x  DOD)
G(m olecules/100eV) = - --------------------------  ,

(D x d  x De x t )
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where D is dose (cGy), d  is density (gm/cc) of the absorbing 
medium, OD is measured optical density or absorbance, t is path 
length (cm) in the cuvette, and e  is molar absorption coefficient 
of ferric xylenol complex in M-1 cm-1. The value of molar 
absorption coefficient (19 ,800  M-1 cm-1 ±0.5% ) was taken from 
literature. The value of G (Fe3+) thus obtained in m olecules/100 eV 
was converted into new unit mol J-1, conversion factor being
1 molecule (100  eV)-1 equal to 1 .036 x 1 0 -7 mol J-1. The G-values 
were found to be 14.2 x 1 0 -7 mol J-1 (±4.7% ) and 55.7 x 10 -7 mol J-1 
(±3.0% ) for carbon beam  and cobalt-60 gamma rays, respectively. 
The published G-value for gamma rays is 55.9 x 10 -7 mol J-1. 
Using the molar absorption coefficient value from literature as 
mentioned above instead of the one experimentally determined 
for our setup does introduce error in calculating the G(Fe3+) value 
but the error will be marginal since the xylenol orange used by us 
is of the same make (Loba Chemie) as used by the authors quoted 
above. The G-value ratio of carbon and gamma-rays for FBX is 
25 .5%  (±5.6% ). In term s of random and non-random components, 
the uncertainties in the G-value estimation are 4.3%  and 2.1%  for 
carbon and 2.2%  and 2.1%  for gamma rays, respectively. It may 
be noted that the additional uncertainty component in the 
calculation of G-value as compared to the dose estimation done in 
the above paragraph, is due to the molar absorption coefficient 
(0.5% ). We wish to point out that the determination of G-values 
and then the comparison of the G-value thus determined with 
the published G-value in the case of gamma rays was done in order 
to validate the experimental techniques adopted by us.

3.4 Summary and Conclusions

The literature survey on the applications of FBX dosimeter in 
radiotherapy showed that the FBX system had proved its utility 
in several types of dosimetric work with photons and electron 
beams. It was observed that in the reported work, the absorption 
measurem ents had been carried out using spectrophotom eters 
and also the m easurements were mostly associated with in­
phantom studies under ideal laboratory conditions rather than 
a hospital environment. Laboratory work involved with the FBX 
system such as precision weighing of chemicals and preparing of 
solution require utm ost care. Being a non-routine hospital activity,



chances of compromise in precision and reproducibility of the 
dosimeter response therefore remain high while working in a 
hospital environment. Carrying out in vivo m easurem ents brings 
the involvement of patients and with it certain other factors that 
may affect the dosimeter response. For example the irradiation 
tubes may either remain filled for long duration before 
irradiation or after irradiation or thus affect the reproducibility.

The work reported in this chapter, therefore, involved 
standardization of the FBX dosimetry system in hospital conditions 
utilizing the “in-house” facilities such as a colorim eter in place of 
a costly spectrophotometer. The reproducibility of the dosimeter 
was found to be within ±2%  at 100  cGy and the same was 
considered satisfactory.

In the next part entrance dose m easurem ents were carried 
out on patients undergoing external beam radiotherapy on a 
telecobalt machine. A total of 220  setups on 100  patients were 
measured for this study. The setups were simple parallel opposed 
fields; cranial irradiation (N = 100) and pelvic irradiation 
(N = 120). The reproducibility of the FBX dosimeter was 
also determined under clinical conditions for entrance dose 
m easurem ent and was found to be better than ±4% . The results 
of the in vivo (entrance) dose m easurem ents were compared 
with the published work on entrance dose m easurem ents with 
diode detectors. The FBX performance was considered satisfactory 
from the comparison point of view and also from the role in vivo 
dosimetry plays in routine QA in radiotherapy.

The next study involved finding out the potential of FBX 
dosimeter in one of the current beam delivery techniques that 
is dynamic wedge. Measurement o f dynamic wedge profiles was 
chosen as a typical case of radiation intensity variation, temporally 
and spatially. The dynamic wedge is a precursor to dynamic 
conformal therapy and therefore the dosimetry challenges are 
similar to the latter to some extent. Conventionally, it requires an 
elaborate setup such as a properly calibrated array of detectors— 
either ion-cham bers or diode detectors— called LDAs or a film- 
based dosimetry system. The FBX dosimeter arrays were prepared 
from material available “in-house” such as needle covers and IV 
tube catheters and absorption m easurem ents were performed 
on a colorim eter and a spectrophotometer. For comparison of 
the performance, profiles were measured with film. It was shown
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that the variation of the m easurem ents was unacceptable for 
larger diameter FBX dosimeter tubes at the edges of the beams 
(equivalent positional errors more than 2 mm). However, for 
smaller tubes such as the ones made from IV catheters, the 
variations were within ±1 mm and thus satisfactory. It was noted 
that the time consumed in FBX dosimetry, at present, was high 
as compared to the commercially available methods. Improvisations 
were needed to make the FBX dosimetry system efficient before 
it could gain acceptability for routine measurements. Improvements 
were also needed to increase the spatial resolution. However, it 
was felt that the rather inexpensive FBX dosimeter could be used 
for routine QA of dynamic wedge dosimetry, even in the present 
form, where the costlier alternatives cannot be afforded. It was 
expected that without improvisations also, time spent can be 
reduced, to a great extent, with practice.

Protons and other heavy particles are increasingly been 
used in radiotherapy, the optimum mass being that of carbon or 
oxygen nuclei. The response of the aqueous FBX dosimeter was 
determined for a 55 MeV carbon to assess its potential in heavy- 
particle radiotherapy. Technique was developed for irradiation 
of the FBX dosimeter from a horizontally emerging low flux 
(1 0 3- 1 0 4 cm-2 s-1) beam. Small sachets were prepared from 6 
thick polypropylene sheet and 200  |iL solution filled in these 
sachets for irradiation. The response of the FBX system to a 
55 MeV carbon beam  was found to be 25 .5%  of gamma-ray 
response. Since for radiotherapy, the energy of the carbon beam 
or of any other charge particle will be significantly higher, the 
response of the FBX system will be higher for those beams. From 
the experimental studies described in this chapter, the following 
can be concluded:

(i) The FBX dosimetry system can be used for in vivo 
(entrance) dose measurements. The accuracy achievable 
with the system in external beam radiotherapy on a 
telecobalt machine is better than ±4% . This accuracy is 
achievable using a simple colorim eter for OD measurements.

(ii) The system can m easure dynamic wedge profiles with 
the accuracy desirable in routine QA checks. However, in 
the present form, the procedure involved is more time 
consuming than the conventional LDAs and film-based 
system.



(iii) The FBX system holds potential for dosimetry in heavy- 
particle radiotherapy.

(iv) The FBX system is a simple and cost effective dosimetry 
system.

3.5 Future Scope

In order to validate new radiation treatm ent planning and 
delivery techniques aimed at 3D conformal RT, need of a 3D 
integrating dosimeter is felt. Gel dosimeters are apparently 
suitable for the purpose. However, Gel dosimeters have still not 
found a regular place among the various dosimetry systems 
routinely used in radiotherapy. The two possible reasons are 
limited access of clinical diagnostic MRI or CT in a hospital setup 
for dosimetry read-out and the perception that gel dosimetry is a 
complex procedure. With improved and streamlined procedures, 
and availability of better optical CT systems, Gel dosimetry is 
witnessing resurgence. The development of optical cone beam 
CT (OCBCT) has made the gel read-out affordable and faster 
removing the two major hurdles in clinical acceptability of gel 
dosimetry systems [28, 29]. At the same time, OCBCT has thrown 
up other kind of technical challenges such as errors due to 
scatter light and decrease in resolution restricting its applicability 
for radiochromic gels. There are reports in literature on improving 
the performance of the FXG system in term s of reducing scatter 
and diffusion in the system [20, 30], but more needs to be done. 
The future research should focus on ways to overcome some of 
the shortcomings of the radiochromic gel dosimetry systems.
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d o s e s  w e r e  g i v e n  s o  t h a t  1 8 0  o r  2 0 0  cG y  d o s e s  w e r e  d e l i v e r e d  a t  

t h e  c e n t e r  o f  t h e  t u m o r .  A ll p a t i e n t s  w e r e  t r e a t e d  5  d a y s  p e r  w e e k  

f o r  6  w e e k s  c o n t in u o u s l y .  In  a r m  2 ,  t h e  d o s e s  d e l i v e r e d  w e r e  

1 1 0  c G y  in  t h e  m o r n i n g  a n d  a f t e r  a  g a p  o f  6  h  a g a i n  t h e  s a m e  

s c h e d u l e d  is  f o l lo w e d . T h e  t r e a t m e n t  w e n t  o n  5  d a y s  p e r  w e e k  

a n d  a  t o t a l  o f  3 3  t r e a t m e n t  d a y s . C h e m o t h e r a p y  a g e n t  c i s p l a t i n  

w a s  a d m i n i s t e r e d  to  t h e s e  p a t i e n t s  o n c e  w e e k l y  to  s e n s i t i z e  t h e  

t u m o r  to  r a d i a t i o n  th e r a p y .  In  b o t h  t h e  r e g i m e s ,  B E D  w a s  

c a l c u l a t e d  f o r  t u m o r  ( B E D t a ) ,  n o r m a l  c e l l  e a r l y  r e a c t i o n s  ( B E D n e ) ,  

a n d  n o r m a l  c e l l  l a t e  r e a c t i o n s  (B E D n l) .  T h e  p a t i e n t s  5 - y e a r  D F S  

w e r e  s t u d i e d  f o r  b o t h  t h e  r e g i m e s  a g a i n s t  t h e  B E D ta ,  B E D n e  a n d  

B E D n l. F i v e - y e a r  D F S  in  a r m  1  w a s  9 %  w h e r e a s  in  a r m  2  i t  w a s  

2 4 % .  In  b o t h  t h e  r e g i m e s ,  3 3 %  p a t i e n t s  h a d  m o r e  t h a n  5 - y e a r  

D F S . T h e  o p t i m u m  B E D  c a n  g iv e  b e t t e r  D F S , w h i c h  c a n  b e  a c h i e v e d  

b y  t h e  h y p e r f r a c t i o n a t i o n  r e g i m e .

4.1 Introduction

R a d i o t h e r a p y  is  o f t e n  t h e  p r i m a r y  t r e a t m e n t  o f  l o c a l l y  a d v a n c e d  

s q u a m o u s  c e l l  h e a d  a n d  n e c k  c a n c e r ,  b u t  t h e  o p t i m a l  f r a c t i o n a t i o n  

s c h e d u l e  h a s  b e e n  c o n t r o v e r s i a l  [ 1 ] .  T h e  a i m  o f  c l in ic a l  

r a d i o t h e r a p y  is  to  o b t a i n  f o r  e a c h  c a n c e r  p a t i e n t  t h e  h i g h e s t  

p r o b a b i l i t y  o f  t u m o r  c o n t r o l  w h ile  m i n i m i z i n g  t h e  p r o b a b i l i t y  

o f  l a t e  c o m p l i c a t i o n s  [ 4 ] .  In  r a d i o t h e r a p y  i t  is  t h e  m o s t  d i f f ic u l t  

t a s k  o f  b a l a n c i n g  b e t w e e n  t u m o r  c o n t r o l  a n d  l a t e  c o m p l i c a t i o n s  

t o  a r r i v e  a t  t h e  m o s t  a p p r o p r i a t e  e x t e r n a l  b e a m  t h e r a p y  

f r a c t i o n a t i o n  s c h e d u l e ,  d o s e  r a t e  p e r  f r a c t i o n ,  o v e r a l l  t r e a t m e n t  

t i m e ,  a n d  t o t a l  d o s e  [ 1 3 ] .  T h e  d i s t r i b u t i o n  o f  r a d i a t i o n  d o s e  o v e r  

t h e  t i m e ,  k n o w n  a s  f r a c t i o n a t i o n ,  is  o n e  o f  t h e  m o s t  i m p o r t a n t  f a c t o r s  

d e t e r m i n i n g  t h e  o u t c o m e  o f  t h e  r a d i o t h e r a p y  [ 1 1 ] .  S i n c e  R e g a u d  

e s t a b l i s h e d  t h a t  f r a c t i o n a t i o n  o f  t h e  r a d i a t i o n  d o s e s  i m p r o v e d  

t h e  r e s u l t s  o f  t h e  r a d i o t h e r a p y  a s  c o m p a r e d  t o  t h e  s in g le  d o s e .  

A c c o r d in g ly ,  r a d i a t i o n  s c h e d u l e s  c o n s i s t i n g  o f  d o s e  p e r  

f r a c t i o n a t i o n  o f  a b o u t  2 0 0  cG y  d a ily , o v e r  s e v e r a l  w e e k s  h a v e  b e c o m e  

c o n v e n t i o n a l  in  c l in ic a l  p r a c t i c e  ( 6 ) .  H o w e v e r , t h e  c o n v e n t i o n a l  

f r a c t i o n a t i o n  s c h e d u l e s  h a v e  r e s u l t e d  in  p o o r  t u m o r  c o n t r o l  r a t e s  

in  a d v a n c e d  m a l i g n a n c i e s  [ 1 6 ] .  T h e  s e a r c h  f o r  o p t i m a l  f r a c t i o n a t i o n  

s c h e d u l e s  w h i c h  c a n  p r o d u c e  b e t t e r  t u m o r  c o n t r o l  r a t e  in  a d v a n c e d
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m a l i g n a n c i e s  h a s  g i v e n  r i s e  t o  v a r i o u s  f r a c t i o n a t i o n  s c h e d u l e s  [1 ] .  

F o r  c l a s s i f y i n g  t h e  v a r i o u s  m o d i f i e d  f r a c t i o n a t i o n  s c h e d u l e s  t w o  

d i f f e r e n t  a p p r o a c h e s  h a v e  b e e n  p r o p o s e d  [ 1 8 ] .  In  o n e ,  t h e  o b j e c t i v e  

is  t o  m a i n t a i n  t h e  d o s e  p e r  f r a c t i o n  a s  in  c o n v e n t i o n a l  r a d i a t i o n  

s c h e d u l e  ( a b o u t  2  G y ) a n d  t w o  o r  m o r e  t h a n  t w o  f r a c t i o n s  p e r  d a y  

a r e  d e l iv e r e d . In  t h i s  s c h e d u l e  t h e  t o t a l  d o s e  is  a d m i n i s t e r e d  in  

s h o r t e r  o v e r a l l  t i m e  a n d  t h e  n a m e  p r o p o s e d  f o r  t h i s  t y p e  o f  s c h e d u l e  

is  t h a t  o f  A c c e l e r a t e d  f r a c t i o n a t i o n  o r  “r a p i d  f r a c t i o n a t i o n ” [ 2 8 ] .  

T h e  s e c o n d  a p p r o a c h  is  to  a d m i n i s t e r  a  l o w e r  d o s e  p e r  f r a c t i o n  

( 7 5 - 1 5 0  c G y ) s e v e r a l  t i m e s  p e r  d ay . T h e  t o t a l  d o s e  w ill  b e  d e l i v e r e d  

b y  i n c r e a s i n g  t h e  n u m b e r  o f  f r a c t i o n s  a n d  b e c a u s e  o f  t h i s  t h e s e  

r a d i a t i o n  s c h e d u l e s  a r e  k n o w n  a s  “h y p e r f r a c t i o n a t i o n ” [ 2 8 ] .

A  v a r i e t y  o f  f r a c t i o n a t i o n  s c h e d u l e s  in c l u d i n g  s t a n d a r d  

f r a c t i o n a t i o n ,  h y p e r f r a c t i o n a t i o n ,  a c c e l e r a t e d  f r a c t i o n a t i o n ,  

a n d  t h e i r  v a r i a n t s  h a v e  b e e n  u s e d  in  t h e  r a d i o t h e r a p y  o f  t h e  

a d v a n c e d  h e a d  a n d  n e c k  c a n c e r  [ 2 ,  3 ,  2 7 ] .  In  e s s e n c e ,  a l t e r e d  

f r a c t i o n a t i o n  is  p r e d i c t e d  t o  i m p r o v e  t h e  t h e r a p e u t i c  r a t i o  t h r o u g h  

a  d i f f e r e n t ia l  r e s p o n s e  b e t w e e n  t u m o r s  a n d  n o r m a l  t i s s u e s  to  

f r a c t i o n a t e d  r a d i o t h e r a p y .  T h e o r e t i c a l l y ,  w i t h  h y p e r f r a c t i o n a t i o n  

i t  is  p o s s i b l e  t o  i n c r e a s e  t h e  t o t a l  d o s e ,  t h e r e b y  i n c r e a s i n g  t h e  

p r o b a b i l i t y  o f  t u m o r  c o n t r o l  w i t h o u t  i n c r e a s i n g  l a t e  c o m p l i c a t i o n s  

t h r o u g h  t h e  u s e  o f  m u l t i p l e  s m a l l e r  d o s e  f r a c t i o n a t i o n s  [ 1 ,  1 1 ] .

A n  i m p o r t a n t  c o m p o n e n t  o f  c o m p a r i n g  t h e  e f f i c a c y  o f  

v a r i o u s  f r a c t i o n a t i o n  a n d  d o s e  r a t e  r e g i m e s  is  t h e i r  e f f e c t  o n  

t u m o r  c o n t r o l  a n d  n o r m a l  t i s s u e s .  T h e  e x p e c t a t i o n s  f o r  a  

t h e r a p e u t i c  g a i n  f r o m  t h e  i m p l e m e n t a t i o n  o f  t h e s e  t r e a t m e n t  

s c h e d u l e s  a r e  m a i n l y  b a s e d  o n  r a d i o b i o l o g i c a l  m o d e l i n g  [ 2 4 ] .  

D o s e  f r a c t i o n a t i o n  a n d  d o s e  r a t e  in  r a d i o t h e r a p y  h a s  e v o lv e d  a l o n g  

d i v e r g e n t  p a t h s  in  d i f f e r e n t  c e n t e r s  w o r l d w i d e  [ 8 ] .  I t  h a s  b e e n  

o b s e r v e d  t h a t  in  o u r  M a l i g n a n t  D i s e a s e  T r e a t m e n t  C e n t r e ,  t h e  

h e a d  a n d  n e c k  c a n c e r  p a t i e n t s  c o u l d  n o t  t o l e r a t e  t h e  d i f f e r e n t  

f r a c t i o n a t i o n  s c h e d u l e d  f o l lo w e d  b y  t h e  W e s t e r n  c o u n t r i e s ,  d u e  

t o  l o w  h e m o g l o b i n  le v e l ,  u n h y g i e n i c  c o n d i t i o n s ,  a n d  p o o r  

s o c i o e c o n o m i c  s t a t u s .  In  v i e w  o f  t h e s e ,  w e  h a v e  t r i e d  a ll t h e  

f r a c t i o n a t i o n  s c h e d u l e s  f o l lo w e d  b y  t h e  o t h e r  c e n t e r s  w o r l d w i d e  

a n d  e s t a b l i s h e d  t h e  h y p e r f r a c t i o n a t i o n  s c h e d u l e  s u i t a b l e  t o  o u r  

p a t i e n t s .  T h e  B E D  w a s  c a l c u l a t e d  f o r  d i f f e r e n t  p a t i e n t s  a n d  t h e  

5 - y e a r  D F S  h a s  b e e n  a n a l y z e d  f o r  c o n v e n t i o n a l  f r a c t i o n a t i o n  

a n d  h y p e r f r a c t i o n a t i o n  s c h e d u l e .



4.2 Materials and Methods

P a t i e n t s  1 8  y e a r s  o r  o l d e r  w i t h  K a r n o f s k y  P e r f o r m a n c e  S c o r e  

(K P S ) (O xford Textbook o f  Palliative M edicine, O x f o r d  U n iv e r s i t y  

P r e s s ,  1 9 9 3 )  w e r e  s e l e c t e d .  T h e  K P S  I n d e x  a l l o w s  p a t i e n t s  to  

b e  c l a s s i f i e d  a c c o r d i n g  t o  t h e i r  f u n c t i o n a l  i m p a i r m e n t .  T h is  c a n  

b e  u s e d  to  c o m p a r e  e f f e c t i v e n e s s  o f  d i f f e r e n t  t h e r a p i e s  a n d  to  

a s s e s s  t h e  p r o g n o s i s  in  in d iv id u a l  p a t i e n t s .  T h e  l o w e r  t h e  

K a r n o f s k y  s c o r e ,  t h e  w o r s e  t h e  s u r v i v a l  f o r  m o s t  s e r i o u s  i l ln e s s e s .  

P a t i e n t  w i t h  K P S  > 6 0  w h o  h a d  p r e v i o u s l y  u n t r e a t e d  s t a g e  III o r  

IV  b u t  M 0 ( n o n - m e t a s t a s i s )  s q u a m o u s  c e l l  c a r c i n o m a  o f  t h e  

o r a l  c a v i ty , o r o p h a r y n x ,  s u p r a g l o t t i c  l a r y n x ,  b a s e  o f  t o n g u e ,  

h y p o p h a r y n x ,  n a s o p h a r y n x ,  o r  s t a g e s  II t o  IV  o f  c a r c i n o m a  o f  

l a r y n x  w e r e  i n c l u d e d . P a t i e n t s  w i t h  a  p r i o r  ( w i t h i n  5  y e a r s )  o r  

s y n c h r o n o u s  m a l i g n a n c y  o t h e r  t h a n  n o n - m e l a n o m a  s k in  c a n c e r  

w e r e  e x c lu d e d .

E x a m i n a t i o n  s u c h  a s  m e d i c a l  h i s t o r y ,  a n d  p h y s i c a l  e x a m i n a t i o n ,  

c o m p l e t e  b l o o d  c o u n t ,  c h e s t  X -R a y , c o m p u t e d  t o m o g r a p h y  o r  

m a g n e t i c  r e s o n a n c e  i m a g i n g  o f  t h e  h e a d  a n d  n e c k ,  a  d i a g r a m  

o f  t h e  p r i m a r y  t u m o r  a n d  n e c k  n o d e s ,  a n d  a  d e n t a l  e v a l u a t i o n  

w e r e  c a r r i e d  o u t .  T h e  d i s e a s e  w a s  s t a g e d  a c c o r d i n g  to  t h e  

2 0 0 1  A m e r i c a n  J o i n t  C o m m i t t e e  o n  C a n c e r  (A JC C ) S ta g in g . A ll 

p a t i e n t s  w e r e  t r e a t e d  a s  p e r  t h e  2 0 0 1  N a t io n a l  C o m p r e h e n s i v e  

C a n c e r  N e t w o r k  (N C C N ) c l in ic a l  p r a c t i c e  g u i d e l i n e s  in  o n c o lo g y .  

A  s t u d y  s p e c i f i c  i n f o r m e d  c o n s e n t  w a s  o b t a i n e d  f r o m  a ll  p a t i e n t s .  

E l ig ib le  p a t i e n t s  w e r e  r a n d o m i z e d  t o  r e c e i v e  r a d i o t h e r a p y  

d e l i v e r e d  u s in g  ( 1 )  c o n v e n t i o n a l  f r a c t i o n a t i o n  a t  1 . 8  o r  2 . 0  G y  

p e r  f r a c t i o n ,  o n e  f r a c t i o n  p e r  d a y  a n d  ( 2 )  h y p e r f r a c t i o n a t i o n  a t

1 . 1  G y p e r  f r a c t i o n ,  t w o  f r a c t i o n s  p e r  d a y  u s i n g  c o b a l t - 6 0  g a m m a  

r a y s  a s  a n  e x t e r n a l  b e a m  r a d i a t i o n  t r e a t m e n t .

4.2.1 Conventional Fractionation

T h e  p a t i e n t s  t h o s e  w h o  w e r e  p u t  o n  c o n v e n t i o n a l  f r a c t i o n a t i o n  

m e t h o d  w e r e  t r e a t e d  w i t h  p a r a l l e l  o p p o s i n g  f ie ld s  in  t h e  h e a d  a n d  

n e c k  r e g i o n  v iz .,  l e f t  l a t e r a l  a n d  r i g h t  l a t e r a l .  In  e a c h  f ie ld , 9 0  o r  

1 0 0  cG y  d o s e s  w e r e  g i v e n  s o  t h a t  1 8 0  o r  2 0 0  cG y  d o s e  w a s  d e l i v e r e d  

a t  t h e  c e n t e r  o f  t h e  t u m o r .  A ll p a t i e n t s  w e r e  t r e a t e d  5  d a y s  p e r  

w e e k  a n d  6  w e e k s  c o n t i n u o u s l y ;  t h e r e f o r e  t h e  t o t a l  d o s e  d e l i v e r e d  

w a s  a r o u n d  5 4  t o  6 0  Gy, d e p e n d i n g  u p o n  t h e  g e n e r a l  h e a l t h  

c o n d i t i o n  o f  t h e  p a t i e n t .
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4.2.2 Hyperfractionation

T h e  p a t i e n t s  t h o s e  w h o  w e r e  p u t  o n  t h e  h y p e r f r a c t i o n a t i o n  

m e t h o d  w e r e  t r e a t e d  w i t h  p a r a l l e l  o p p o s i n g  f ie ld s  in  t h e  h e a d  

a n d  n e c k  r e g i o n  s a m e  a s  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n  p a t i e n t s .  

H e r e  t h e  d i f f e r e n c e  w a s  t h a t  t h e  p a t i e n t s  w e r e  t r e a t e d  in  t h e  

m o r n i n g  a s  w e l l  a s  in  t h e  e v e n i n g  o f  t h e  s a m e  d a y , t h a t  is , t w o  

t i m e s  in  a  d ay . T h e  d o s e s  d e l i v e r e d  w e r e  5 5  c G y  f o r  l e f t  l a t e r a l  

a n d  5 5  c G y  f o r  t h e  r i g h t  l a t e r a l  in  t h e  m o r n i n g  a n d  a g a i n  a f t e r  a  

g a p  o f  6  h , t h e  s a m e  s c h e d u l e  w a s  f o l lo w e d . T h e r e f o r e ,  t h e  p a t i e n t s  

r e c e i v e d  a  d o s e  o f  2 2 0  cG y  p e r  d ay . T h e  t r e a t m e n t  w e n t  o n  5  

d a y s  p e r  w e e k  a n d  t o t a l  3 3  t r e a t m e n t  d a y s ,  s o  t h a t  e a c h  p a t i e n t  

w a s  d e l i v e r e d  d o s e  o f  7 2 . 6  Gy. [ 1 7 ] .  F o r  b o t h  f r a c t i o n a t i o n  

r e g i m e s ,  t h e  c h e m o t h e r a p y  a g e n t s  c i s p l a t i n  o r  c a r b o p l a t i n  o f  

r e c o m m e n d e d  d o s e  ( 5 0  m g  o f  c i s p l a t i n  o r  1 2 5  m g  o f  c a r b o p l a t i n )  

w e r e  a d m i n i s t e r e d  to  a ll p a t i e n t s  e x c e p t  t h e  s t a g e  II o f  l a r y n x  

p a t i e n t s ,  w e e k l y  o n c e  to  s e n s i t i z e  t h e  t u m o r  t o  r a d i a t i o n  t h e r a p y  

[ 1 ,  5 ] .

4.2.3 External Beam Radiation Therapy on 
Theratron-780E Co-60 Teletherapy Machine

R a d i o t h e r a p y  w a s  d e l i v e r e d  u s i n g  T h e r a t r o n  7 8 0 E  C o - 6 0

T e l e t h e r a p y  m a c h i n e  w i t h  s o u r c e  t o  s u r f a c e  o r  s o u r c e  to  i s o c e n t e r  

d i s t a n c e  < 8 0  c m . B e f o r e  s t a r t i n g  t h e  a c t u a l  e x t e r n a l  b e a m  

r a d i a t i o n  t h e r a p y  (E B R T ) ,  e a c h  p a t i e n t  h a d  u n d e r g o n e  s i m u l a t i o n  

o n  S im u lix  H P  1 2 0 0  s i m u l a t o r  m a n u f a c t u r e d  a n d  s u p p l i e d  b y  

N u c l e t r o n  H o lla n d . B e a m  i n t e r a c t i o n s  o n  a n a t o m i c a l  r e g i o n  h a v e  

b e e n  v e r i f i e d  b y  s im u l a t i o n .  F o r  p e r m a n e n t  r e c o r d s  a n d  f o r  f u t u r e  

r e f e r e n c e  a n d  a l s o  f o r  f ie ld  r e d u c t i o n  d u r i n g  t h e  t r e a t m e n t  p e r i o d ,  

t h e  v e r i f i c a t i o n  p o r t  f ilm s  ( X - r a y  f ilm s  o f  t h e  s i m u l a t o r )  o f  t h e  

s i m u l a t i o n  h a v e  b e e n  o b t a i n e d  f o r  e a c h  p a t i e n t .  A  c o m b i n a t i o n  

o f  l a t e r a l  o p p o s i n g  f ie ld s , a n t e r i o r  a n d  l a t e r a l  w e d g e d  f ie ld s  o r  

o t h e r  f ie ld  a r r a n g e m e n t s  w e r e  u s e d  to  t r e a t  p r i m a r y  t u m o r  a n d  

t h e  ly m p h  n o d e s  in  t h e  u p p e r  n e c k . A  s in g le  a n t e r i o r  f ie ld  w a s  

u s e d  t o  t r e a t  t h e  n e c k  b e l o w  t h e  f ie ld s  f o r  t h e  p r i m a r y  tu m o r .  

F o r  p a t i e n t s  w i t h  n o d e s  m o r e  t h a n  6  c m , s u p r a c l a v i c u l a r  n o d e s ,  

o r  p y r i f o r m  s in u s  t u m o r s  t h a t  w e r e  T 3  o r  T 4  o r  w i t h  c l in ic a l ly  

p o s i t i v e  n o d e s ,  t h e  a n t e r i o r  f ie ld  c o u l d  e x t e n d  5  c m  i n f e r i o r l y  

t o  i n c l u d e  t h e  u p p e r  m e d i a s t i n u m . A ll f ie ld s  w e r e  t r e a t e d  o n



e a c h  t r e a t m e n t  d a y s . A t  l e a s t  o n e  f ie ld  r e d u c t i o n  w a s  d o n e  f o r  

a ll  p a t i e n t s  in  b o t h  t h e  a r m s .  T h e  f i r s t  f ie ld  r e d u c t i o n ,  f o r  t h e  

s p in a l  c o r d  o f f  w a s  d o n e  a t  4 0 - 4 4  G y a n d  s e c o n d  f ie ld  r e d u c t i o n  

d o n e  a t  5 4 - 6 0  G y f o r  h y p e r f r a c t i o n a t i o n  p a t i e n t s .  W h e r e a s  f o r  

c o n v e n t i o n a l  f r a c t i o n a t i o n  p a t i e n t s ,  o n ly  a  s in g le  f ie ld  r e d u c t i o n  

w a s  i m p l e m e n t e d  f o r  t h e  s p in a l  c o r d  o f f  a t  4 0  Gy. In  t h e  t h i r d  

f ie ld  r e d u c t i o n  t h e  a d d i t i o n a l  b o o s t  n o t  e x c e e d i n g  5 - 6  G y t h r o u g h  

r e d u c e d  f ie ld s  t o  p e r s i s t e n t  p r i m a r y  t u m o r  a n d  o r  c l in ic a l ly  

p o s i t i v e  n o d e s  w e r e  a l l o w e d . A  m i n i m u m  2  c m  m a r g i n  a r o u n d  

t h e  in i t i a l  t u m o r  v o l u m e  a n d  p o s i t i v e  n e c k  n o d e s  f o r  t h e  f i r s t  

f ie ld  r e d u c t i o n ,  a n d  a  m i n i m u m  1  c m  m a r g i n  f o r  t h e  t h i r d  f ie ld  

r e d u c t i o n  w e r e  i m p l e m e n t e d .  T h e  p r i m a r y  t r e a t m e n t  f ie ld s  w e r e  

r e d u c e d  o f f  t h e  s p in a l  c o r d  a t  4 0 - 4 4  Gy. N e c k  d i s s e c t i o n  w a s  

a l l o w e d  f o r  n e c k  n o d e s  m o r e  t h a n  3  c m  in  s i z e  ( d i a m e t e r )  p r i o r  

t o  r a d i o t h e r a p y  a t  t h e  d i s c r e t i o n  o f  t h e  r e s p o n s i b l e  h e a d  a n d  

n e c k  s u r g e o n ,  a n d  r a d i a t i o n  o n c o l o g i s t .  E a c h  c a s e  w a s  d i s c u s s e d  

in  d e t a i l  in  t h e  w e e k l y  t u m o r  b o a r d  m e e t i n g s  a n d  E N T  c l in ic a l  

b o a r d  m e e t i n g s  a n d  t h e  d e c i s i o n  w a s  m a d e  b y  t h e  b o a r d  a b o u t  

t h e  k i n d  o f  t r e a t m e n t  s c h e d u l e .

4.2.4 Follow-Up

D u r i n g  t r e a t m e n t ,  p a t i e n t s  w e r e  c l in ic a l ly  e x a m i n e d  w e e k ly ,  

a n d  b l o o d  t e s t s  w e r e  a ls o  d o n e  o n  a  w e e k l y  b a s i s .  F o r  a ll e l ig ib le  

c o n v e n t i o n a l  f r a c t i o n a t i o n  p a t i e n t s  a n d  h y p e r f r a c t i o n a t i o n  

p a t i e n t s ,  c h e m o t h e r a p y  a g e n t s  c i s p l a t i n  o r  c a r b o p l a t i n  w e r e  

a d m i n i s t e r e d  e v e r y  w e e k ,  e s p e c i a l l y  o n  S u n d a y s . O n c e  t h e  

t r e a t m e n t  w a s  e n d e d ,  p a t i e n t s  w e r e  e v a l u a t e d  w i t h i n  a  m o n t h  

( 4  w e e k s )  a n d  a f t e r  3  m o n t h s  f o r  t h e  s e c o n d  f o l lo w -u p  a n d  

a f t e r  3  m o n t h s  f o r  t h e  f i r s t  2  y e a r s  a n d  6  m o n t h s  f o r  t h e  n e x t  

2 - 3  y e a r s  a n d  a n n u a l l y  a f t e r  5 t h  y e a r  o n w a r d .  In  a d d i t i o n  t o  t h e  

t u m o r  s t a t u s ,  a c u t e  a n d  l a t e  ( o c c u r r i n g  > 9 0  d a y s  f r o m  s t a r t  o f  

t h e  t r e a t m e n t )  n o r m a l  t i s s u e  e f f e c t s  w e r e  g r a d e d  w i t h  K P S  

(T a b l e  4 . 1 ) .

4.2.5 Quality Control and Quality Assurances

R a d i o t h e r a p y  r e c o r d s  o f  e a c h  p a t i e n t s  S im u la t i o n ,  T r e a t m e n t  

p l a n n in g , T r e a t m e n t  t i m e  c a l c u l a t i o n  b y  a c c u r a t e l y  m e a s u r i n g  t h e
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t u m o r  d e p th ,  o b t a i n i n g  t h e  s i m u l a t i o n  f i lm s , t o t a l  d o s e ,  n u m b e r  

o f  f r a c t i o n s ,  a n d  e l a p s e d  t r e a t m e n t  d a y s  r e l a t i v e  t o  t h e  p r o t o c o l  

p r e s c r i p t i o n s  w e r e  n o t e d  a n d  t a k e n  c a r e  o f  f o r  e a c h  p a t i e n t .  

S i n c e  t h e  d o s e  d e l i v e r y  w a s  d o n e  w i t h  t h e  T h e r a t r o n  7 8 0 E  C o - 6 0  

T e l e t h e r a p y  m a c h i n e ,  t h e  q u a l i t y  c o n t r o l  a n d  q u a l i t y  a s s u r a n c e  

t e s t s  o f  t h e  C o - 6 0  m a c h i n e  w e r e  c a r r i e d  o u t  p e r i o d i c a l l y  a s  p e r  

t h e  i n t e r n a t i o n a l  s t a n d a r d  p r o t o c o l .  B e a m  o u t p u t  m e a s u r e m e n t s  

w e r e  c a r r i e d  o u t  s y s t e m a t i c a l l y  b y  m e a s u r i n g  t h e  b e a m  b y  

c a l i b r a t e d  s e c o n d a r y  s t a n d a r d  d o s i m e t e r  (S S D ) a n d  t h e  b e a m  

o u t p u t  w a s  c o m p a r e d  w i t h  I n t e r n a t i o n a l  A t o m i c  E n e r g y  A g e n c y  

(I A E A ) p o s t a l  d o s e  i n t e r c o m p a r i s o n  c o n d u c t e d  b y  B h a b h a  A t o m i c  

R e s e a r c h  C e n t r e  (B A R C ), M u m b a i .

4.3 Results and Discussion

4.3.1 Characteristics of the Patients

B e t w e e n  O c t o b e r  2 0 0 1  a n d  J a n u a r y  2 0 0 7 ,  2 5 0  p a t i e n t s  w i th  

s q u a m o u s  c e l l  c a r c i n o m a  o f  t h e  h e a d  a n d  t h e  n e c k  w e r e  t r e a t e d  

in  t h i s  s tu d y . O f t h e s e ,  a p p r o x i m a t e l y  5 %  o f  t h e  p a t i e n t s  

d i s c o n t i n u e d  t h e  t r e a t m e n t  in  b e t w e e n  d u e  t o  t h e i r  p e r s o n a l  

p r o b l e m s ;  1 2 %  o f  t h e  p a t i e n t s  w h o  h a d  i n a d e q u a t e  d a t a  w e r e  

e x c l u d e d  f r o m  th is  s tu d y ;  3 %  o f  t h e  p a t i e n t s  d i d  n o t  h a v e  a d e q u a t e  

f o l lo w -u p . T h e  r e m a i n i n g  p a t i e n t s  n u m b e r e d  2 0 0 ,  w h o  r e c e i v e d  

t h e  t r e a t m e n t  a s  p l a n n e d  f o r  t h i s  a n a l y s is .  O u t  o f  t h e s e  p a t i e n t s ,  

1 0 0  p a t i e n t s  in  t h e  a r m  1  (G r o u p : 1 )  w e r e  t r e a t e d  w i th  t h e  

c o n v e n t i o n a l  f r a c t i o n a t i o n  s c h e d u l e  a n d  r e m a i n i n g  1 0 0  p a t i e n t s  

in  a r m  2  (G r o u p : 2 )  w e r e  t r e a t e d  w i t h  t h e  h y p e r f r a c t i o n a t i o n  

s c h e d u l e .  T a b le  4 . 1  s h o w s  t h e  p r e t r e a t m e n t  p a t i e n t  c h a r a c t e r i s t i c s  

a n d  g r o u p  s t a t i s t i c s  in  r e s p e c t  o f  b o t h  c o n v e n t i o n a l  (G r o u p  1 )  

a n d  t h e  h y p e r f r a c t i o n a t i o n  (G r o u p  2 )  r e g i m e .  T h e y  w e r e  w e l l  

b a l a n c e d  a m o n g  t h e  t r e a t m e n t  g r o u p s .

In  T a b le  4 . 1  a ll t h e  m e a n  v a l u e s  o f  t h e  c h a r a c t e r i s t i c s  a r e  

a l m o s t  s a m e  f o r  b o t h  t h e  r e g i m e s ;  t h e r e f o r e  t h e  p a t i e n t s ’ 

t r e a t m e n t  o u t c o m e  is  c o m p a r a b l e  in  b o t h  r e g i m e s .  H o w e v e r , t h e  

m e a n  v a l u e s  in  r e s p e c t  o f  d o s e  r e l a t e d  f a c t o r s ,  v iz .,  t i m e ,  d o s e ,  

f r a c t i o n  s iz e ,  B E D ta , B E D n e , B E D n l, a n d  D F  ( d o s e  p e r  f r a c t i o n ) ,  

a r e  d i f f e r e n t ,  s i n c e  t h e s e  a r e  t h e  m a i n  d i f f e r e n c e s  b e t w e e n  

c o n v e n t i o n a l  a n d  h y p e r f r a c t i o n a t i o n  r e g i m e s .
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Table 4 .1  P a tie n ts  c h a r a c te r is t ic s  in b o th  co n v e n tio n a l (g ro u p  1 )  an d  

h y p e r  fra c tio n  (g ro u p  2 )  re g im e

G ro u p  S t a t is t i c s

G r N M e a n S td . D e v ia tio n S td . E r r o r

A ge 1 1 0 0 5 2 .8 6 1 3 .7 8 8 1 .3 7 9

2 1 0 0 5 6 .6 9 1 1 .6 2 8 1 .1 6 3

IniKPS 1 1 0 0 7 5 .3 0 5 .7 6 6 .5 7 7

2 1 0 0 7 4 .3 0 5 .9 0 4 .5 9 0

Con D ose 1 1 0 0 5 8 5 1 .8 0 5 4 7 .7 8 8 5 4 .7 7 9

2 1 0 0 6 9 7 5 .8 0 6 3 3 . 2 0 4 6 3 .3 2 0

F ra c tio n  size 1 1 0 0 3 0 .6 9 3 .0 5 1 .3 0 5

2 1 0 0 6 3 .2 2 6 .3 0 1 .6 3 0

RT days 1 1 0 0 4 3 .3 8 6 .0 7 5 .6 0 7

2 1 0 0 4 6 .2 5 6 .5 7 1 .6 5 7

B E D ta 1 1 0 0 5 5 .1 8 3 5 .3 0 7 3 .5 3 0 7

2 1 0 0 6 1 .8 2 6 5 .8 6 3 3 .5 8 6 3

BED ne 1 1 0 0 6 0 .8 1 7 5 .4 6 1 8 .5 4 6 2

2 1 0 0 6 7 .5 0 9 5 .8 1 6 5 .5 8 1 6

BEDnl 1 1 0 0 8 4 .5 7 7 8 .4 7 0 8 .8 4 7 1

2 1 0 0 8 9 .4 2 9 8 .0 7 7 7 .8 0 7 8

DF 1 1 0 0 1 .9 1 1 .1 2 0 5 .0 1 2 0

2 1 0 0 1 .1 0 5 .0 4 2 9 .0 0 4 3

W eig h t 1 1 0 0 5 5 .0 4 7 .9 5 9 .7 9 6

2 1 0 0 5 8 .5 3 8 .9 1 1 .8 9 1

H eigh t 1 1 0 0 1 5 9 .1 1 6 .4 7 7 .6 4 8

2 1 0 0 1 6 3 .5 5 5 .9 0 4 .5 9 0

BMI 1 1 0 0 2 1 .7 2 5 6 2 .6 9 6 8 5 . 2 6 9 6 9

2 1 0 0 2 1 .9 2 9 6 3 .4 1 1 3 7 .3 4 1 1 4

Fd size 1 1 0 0 1 8 0 .0 4 6 5 . 6 0 4 6 .5 6 0

2 1 0 0 1 9 2 .1 4 7 1 .1 5 7 7 .1 1 6

H b sta rt 1 1 0 0 1 2 .1 1 9 1 1 .1 2 2 5 1 .1 1 2 3

2 1 0 0 1 1 .3 6 8 1 .6 5 5 7 .1 6 5 6

W tlo ss 1 1 0 0 2 .9 6 .6 5 0 .0 6 5

2 1 0 0 2 .9 5 .9 6 8 .0 9 7

W tg a in 1 1 0 0 2 .3 2 .7 2 3 .0 7 2

2 9 9 2 .8 6 .7 4 2 .0 7 5
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In  T a b le  4 . 2 ,  in  t h e  o v e r a l l  c a s e  d i s t r i b u t i o n  t h e  o r a l  c a n c e r  

a n d  o r o p h a r y n g e a l  c a n c e r  a c c o u n t s  m o r e  in  n u m b e r  t h a t  is  4 7  

a n d  8 7 ,  r e s p e c t i v e l y .  M o s t  o f  t h e  i n t e r n a t i o n a l  m u l t i - i n s t i t u t i o n  

j o i n t  s t u d i e s  a l s o  s h o w  t h a t  t h e  o c c u r r e n c e  o f  o r a l  a n d  o r o p h a r y n x  

c a n c e r  is  m o r e  t h a n  t h e  r e s t  o f  t h e  c a n c e r  t y p e s  in  t h e  h e a d  

a n d  n e c k  r e g i o n  [ 1 1 ] .  T h e  s t u d y  p o p u l a t i o n s  ( c a s e  d i s t r i b u t i o n )  

a r e  n o t  h o m o g e n e o u s  w i t h  r e s p e c t  to  d i a g n o s t i c  c l a s s i f i c a t i o n  

(p  < 0 . 0 1 ,  t h e  v a l u e  o f  C  is  1 5 . 9 6 ) .  H o w e v e r , t h i s  w o u l d  n o t  a f f e c t  

t h e  d u r a t i o n  o f  d i s e a s e s - f r e e  s u r v iv a l  (D F S ) , w h i c h  is  t h e  

o u t c o m e  o f  t h e  s tu d y . T h e  s t a g i n g  o f  t h e  d i s e a s e  is  d o n e  a s  p e r  

t h e  N a t io n a l  C o m p r e h e n s i v e  C a n c e r  N e t w o r k  (N C C N ) g u id e l in e s .  

T h e  s t a g i n g  d e p e n d s  u p o n  t h e  t u m o r  s iz e  ( T )  a n d  n o d e  s i t e s  a n d  

n u m b e r  o f  n o d e s  a s  w e l l  a s  s iz e  o f  t h e  n o d e s  (N ) a n d  a l s o  t h e  

s p r e a d  o f  t h e  d i s e a s e  i t s e l f ,  w h i c h  is  d e s c r i b e d  a s  m e t a s t a s i s  

( m e t s )  (M ) . T h e r e f o r e ,  t h e  f in a l s t a g i n g  d e p e n d s  u p o n  T N M  

c l a s s i f i c a t i o n s  (N C C N  g u id e l in e s  o n  c a n c e r  p r a c t i c e ,  2 0 0 7 ) .  T h e  

s t a g i n g  d i s t r i b u t i o n s  a r e  a l s o  g i v e n  in  T a b le  4 .2 .

Table 4 .2  C ase  d istrib u tio n  as  p e r  th e  a n a to m ic a l s ite s  an d  d ise a se s  
s ta g e  o f  h ead  an d  n e c k  c a n c e r  in c o n v e n tio n a l fra c tio n a tio n  
(G ro u p  1 ) a n d  h y p e rfra c tio n a tio n  (G rou p  2 )  re g im e s

D i a g n o s i s / s t a g e G ro u p  1 G ro u p  2

Ca L a ry n x 11 2 1

O ral C a n ce r 3 6 11

Ca O ro p h a ry n g e a l 2 9 5 8

P a ra n a s a l Sinus 1 9 0 4

Ca N aso  P h a ry n x 0 5 0 6

T otal 10 0 1 0 0

S tag e  II 17 1 2

S tag e  III 3 9 2 1

S tag e  IV 4 0 5 0

S tag e  IVB 0 4 17

T otal 1 0 0 1 0 0

A s  p e r  t h e  d i s e a s e  s t a g e  d i s t r i b u t i o n ,  s t a g e  III a n d  s t a g e  IVA o f  

t h e  d i s e a s e  c o m p r i s e  a r o u n d  7 5 %  in  t h e  o v e r a l l  d i s t r i b u t i o n .  T h e  

s t a g e  IV  B p a t i e n t s  a r e  m o r e  in  t h e  h y p e r f r a c t i o n a t i o n  s c h e d u l e .  

T h e  s u r g i c a l l y  u n r e s e c t a b l e  o f  s t a g e  IVA a n d  IV  B c o m p r i s e  a s  4 4  

in  c o n v e n t i o n a l  f r a c t i o n a t i o n  a n d  6 7  in  h y p e r f r a c t i o n a t i o n .  T h is



c l e a r l y  s h o w s  t h a t  t h e  h ig h ly  a d v a n c e d  s u r g i c a l l y  u n r e s e c t a b l e  

t u m o r s  a r e  s e l e c t e d  f o r  h y p e r f r a c t i o n a t e d  r e g i m e  a l o n g  w i th  

c o n c u r r e n t  c h e m o t h e r a p y  t h a n  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n  

a l o n g  w i t h  c o n c u r r e n t  c h e m o t h e r a p y .  T h e  s t a g e  d i s t r i b u t i o n  o f  

t h e  d i s e a s e  s h o w s  s t a t i s t i c a l l y  s i g n i f i c a n t  d i f f e r e n c e  (p  = 0 . 0 0 1 ,  

X 2 = 1 5 . 4 2 ) .

4.3.2 Disease-Free Survival

In  t h e  f ie ld  o f  o n c o lo g y , t h e  n o  e v i d e n c e  o f  t h e  d i s e a s e  (N E D )  

h a s  b e e n  a p p r o p r i a t e l y  t e r m e d  a s  D F S , s i n c e  t h e  p a t i e n t  m i g h t  

l iv e  w i t h o u t  t h e  d i s e a s e  f o r  s o m e  t i m e ,  a n d  in  m o s t  o f  t h e  c a s e s ,  

t h e  r e c u r r e n c e  o c c u r s  o n ly  a f t e r  t h e  p a s s a g e  o f  s o m e  c o n s i d e r a b l e  

t i m e  [ 2 9 ] .  T h e  d u r a t i o n  b e t w e e n  t h e  t r e a t m e n t  a n d  t h e  r e c u r r e n c e  

o f  t h e  d i s e a s e  is  t e r m e d  a s  t h e  D F S  p e r i o d .  T h e r e f o r e ,  D F S  is  

o n e  o f  t h e  m o s t  i m p o r t a n t  f a c t o r s  o f  t h e  o u t c o m e  o f  t h i s  s tu d y .  

A lt h o u g h  l o c o  r e g i o n a l l y  c o n t r o l l e d  (L R C ) d i s e a s e  a n d  o v e r a l l  

s u r v iv a l  (O A S ) p l a y  t h e  r o l e  o f  t h e  f in a l o u t c o m e s  o f  t h e  t r e a t m e n t ,  

t h e  D F S  is  t h e  m o s t  i m p o r t a n t  f a c t o r  f o r  t h e  o u t c o m e  o f  t h e  

t r e a t m e n t  m o d a l i ty .

T h e  s t a t i s t i c a l  d a t a  a n a l y s is  h a s  b e e n  d o n e  f o r  a ll t h e  

2 0 0  p a t i e n t s  a n d  t h e  S P S S  s t a t i s t i c a l  a n a l y s is  c o m p u t e r  s o f t w a r e  

h a s  b e e n  u s e d  f o r  a n a l y z i n g  t h e  d a t a .  T h e  f o l lo w in g  g r a p h  1  s h o w s  

t h e  d i f f e r e n c e  o f  t h e  D F S  in  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n  

r e g i m e  a n d  t h e  h y p e r f r a c t i o n a t i o n  r e g i m e .  In  t h e  s u r v iv a l  c u r v e  

o f  t h e  g r a p h  1 ,  g r e e n  r e p r e s e n t s  t h e  h y p e r f r a c t i o n a t i o n  r e g i m e  

a n d  b l u e  r e p r e s e n t s  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n  r e g i m e .  T h e  

n u m b e r  o f  p a t i e n t s  in  d i s e a s e - f r e e  s u r v iv a l  s t a t e  f o r  m o r e  t h a n  

6 0  m o n t h s ,  in  t h e  h y p e r f r a c t i o n a t i o n  r e g i m e  w a s  2 4 % ,  w h e r e a s  

0 9 %  in  c o n v e n t i o n a l  f r a c t i o n a t i o n  r e g i m e .  O v e r a l l  D F S  f o r  

m o r e  t h a n  6 0  m o n t h s  in  b o t h  t h e  r e g i m e s  w a s  1 6 . 5 % .  T h e s e  

f in d in g s  h a v e  b e e n  s e e n  in  m a n y  l a r g e  r a n d o m i z e d  t r i a l s  t h a t  h a d  

c o m p a r e d  h y p e r f r a c t i o n a t e d  R T  w i t h  c o n v e n t i o n a l  f r a c t i o n a t e d  

R T  [ 1 ,  7 ,  1 0 - 1 2 ,  1 4 ,  1 5 ,  1 9 ,  2 2 ] .

A s  p e r  t h e  r e s u l t s  o f  t h e  a b o v e  d i s e a s e - f r e e  s u r v i v a l  g r a p h  

1  (F ig . 4 . 1 ) ,  i t  is  c l e a r l y  i n d i c a t e d  t h a t  t h e  D F S  is  b e t t e r  in  t h e  

h y p e r f r a c t i o n a t i o n  r e g i m e  t h a n  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n  

r e g i m e .  T h e  f r a c t i o n a t i o n  s c h e m e ,  w h e t h e r  i t  is  c o n v e n t i o n a l  o r  

h y p e r  o r  a c c e l e r a t e d  o r  m o d i f i e d  f r a c t i o n a t i o n s ,  d e p e n d s  u p o n  

t h e  t i m e  (T ) ,  d o s e  (D ), f r a c t i o n  ( F ) ,  c a l l e d  g e n e r a l l y  T D F  f a c t o r
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[20, 21]. The BED is calculated with this TDF factors as well as 
characteristics of different tissues and particular tissue responses 
in the same tissue. The BED formulas are readily available from 
the literature for different type of cancers and its tissues [25]. 
Biological effective doses can be calculated for different fractionation 
scheme (BED for Hyperfractionation or BED for Conventional 
fractionation, etc.). Therefore, DFS depends upon the TDF factors. In 
other words, it depends upon BED. BED can be calculated for tumor 
(BEDta), normal cell early reactions (BEDne), and normal cell late 
reactions (BEDnl).

DFS in months

Figure 4 .1  Disease-free survival (DFS) curve for conventional 
fractionation (CF) vs. hyperfractionation (HF) in head and 
neck cancer patients.

4.3.3 Formula for Calculation of BED for 
Conventional Fractionations

(1) BED for tumor (BEDta)
[(Total dose/100) x (1 + dose per fraction/13.4)] x [(0 .76 x 
(TRT days-28)]
TRT days = Total radiotherapy days (starting to end)

(2) BED for normal cell early reactions (BED ne)
[(Total dose/100) x (1 + dose per fraction/11.2)] x [(0.50 x 
(TRT days-28)]

(3) BED for normal cell late reactions (BEDnl)
[(Total dose/100) x (1 + dose per fraction/4.3)]
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4.3.4 Formula for Calculation of BED for 
Hyperfractionation

( 1 )  B E D  f o r  t u m o r  (B E D t a )

[ ( T o t a l  d o s e / 1 0 0 )  x  ( 1  +  ( ( d o s e  p e r  f r a c t i o n / 1 3 . 4 )  x  1 . 0 3 1 ) ]  

x  [ ( 0 . 7 6  x  (T R T  d a y s - 2 8 ) )

( 2 )  B E D  f o r  n o r m a l  c e l l  e a r l y  r e a c t i o n s  (B E D n e )

[ ( T o t a l  d o s e / 1 0 0 )  x  ( 1  +  ( ( d o s e  p e r  f r a c t i o n / 1 1 . 2 )  x  1 . 0 0 0 9 7 8 ) ]  

x  [ ( 0 . 7 6  x  (T R T  d a y s - 2 8 ) ]

( 3 )  B E D  f o r  n o r m a l  c e l l  l a t e  r e a c t i o n s  (B E D n l)

[ ( T o ta l  d o s e / 1 0 0 )  x  ( 1  +  ( d o s e  p e r  f r a c t i o n / 4 . 3 )  x  1 . 0 9 9 ) ]

4.3.5 Conventional BED Calculations

F o r  e x a m p l e ,  a  p a t i e n t  u n d e r g o e s  r a d i o t h e r a p y  in  c o n v e n t i o n a l  

f r a c t i o n a t i o n  r e g i m e  a n d  r e c e i v e d  6 6 0 0  cG y  in  3 3  f r a c t i o n s  f o r  

4 2  d a y s . H e r e  t o t a l  d o s e  is  6 6 0 0  cG y, D o s e  p e r  f r a c t i o n  is  

6 6 0 0 / 3 3  = 2 0 0 ,  i t  is  t a k e n  a s  2  Gy, a n d  t o t a l  R T  d a y s  is  4 2 .  In  th is  

c a s e ,  t h e  c a l c u l a t e d  B E D t a  = 6 5 . 2 ,  B E D n e  = 7 0 . 8 ,  B E D n l = 9 6 . 7 .

4.3.6 Hyperfractionation BED Calculations

F o r  e x a m p l e ,  a  p a t i e n t  u n d e r g o e s  r a d i o t h e r a p y  in  t h e  

h y p e r f r a c t i o n a t i o n  r e g i m e  a n d  r e c e i v e d  7 2 6 0  c G y  in  6 6  f r a c t i o n s  

o n  4 6  d a y s . H e r e  t o t a l  d o s e  is  7 2 6 0  cG y, d o s e  p e r  f r a c t i o n  is  

7 2 6 0 / 6 6  = 1 1 0 ,  i t  is  t a k e n  a s  1 . 1  Gy, a n d  t o t a l  R T  d a y s  is  4 6 .  In  

t h i s  c a s e  t h e  c a l c u l a t e d  B E D t a  = 6 5 . 1 ,  B E D n e  = 7 0 . 7 ,  B E D n l = 9 3 . 0 .

4.3.7 Comparison of Conventional and 
Hyperfractionation of BED Calculations

Table 4 .3  C o m p a ris o n  o f  co n v e n tio n a l a n d  h y p e r  fra c tio n a tio n  o f  BED  
ca lcu la tio n s.
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F a c t o r s C o n v e n tio n a l H y p e r

T otal d o se , (cG y), 
to ta l  fra c tio n , 
to ta l  RT days

6 6 0 0 / 3 3  f r a c t io n /4 2  days 7 2 6 0 / 6 6  f r a c t i o n /4 6  days

B E D ta 6 5 .2 6 5 .1

B E D n e 7 0 .8 7 0 .7

BED nl 9 6 .7 9 3 .0
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F r o m  T a b le  4 . 3 ,  i t  is  u n d e r s t o o d  t h a t  t h e  c o n v e n t i o n a l  

f r a c t i o n a t i o n  a n d  h y p e r f r a c t i o n a t i o n ,  t h o u g h  t h e  B E D t a  a n d  

B E D n e  v a l u e s  a r e  a l m o s t  s a m e  t h e  B E D n l v a l u e  in  t h e  

h y p e r f r a c t i o n a t i o n  r e g i m e  is  9 3 . 0  c o m p a r e d  t o  9 6 . 7  in  t h e  

c o n v e n t i o n a l  r e g i m e .  T h is  n o r m a l  c e l l  l a t e  r e a c t i o n ,  w h i c h  is  

l e s s e r  in  h y p e r f r a c t i o n a t i o n  t h a n  t h e  c o n v e n t i o n a l  f r a c t i o n a t i o n ,  

s h o w s  t h e  D F S  m o r e  in  t h e  h y p e r f r a c t i o n a t i o n  r e g i m e .  T h is  

s t u d y  s u g g e s t s  t h a t  t o t a l  d o s e ,  t o t a l  t r e a t m e n t  d u r a t i o n  ( o v e r a l l  

t i m e ) ,  a n d  t h e  n u m b e r  o f  f r a c t i o n s  a r e  i m p o r t a n t  in  t h e  o u t c o m e  

o f  t h e  r a d i o t h e r a p y .  T h e  B E D  s h o u l d  b e  a d e q u a t e  a n d  i t  s h o u l d  b e  

in  t h e  o p t i m u m  r a n g e  f o r  b e t t e r  D F S . A l t h o u g h  t h e  b i o lo g ic a l  

e f f e c t iv e  d o s e ,  p l a y  a  m a j o r  r o l e  f o r  b e t t e r  d i s e a s e - f r e e  s u r v iv a l ,  

t h e  o p t i m u m  b i o l o g i c a l  e f f e c t iv e  d o s e ,  w h i c h  m a y  h a v e  a  b e t t e r  

d i s e a s e - f r e e  s u r v iv a l ,  m a y  b e  a c h i e v e d  b y  t h e  h y p e r f r a c t i o n a t i o n  

r e g i m e .  U s in g  c h e m o t h e r a p y  a l o n g  w i t h  r a d i o t h e r a p y  a ls o  

i m p r o v e s  t h e  D F S . S e v e r a l  t o x i c i t y  a n t a g o n i s t s  a r e  u n d e r  a c t i v e  

i n v e s t i g a t i o n  [ 2 6 ] .  In  t h e  f u tu r e ,  s o m e  o f  t h e s e  a g e n t s  m a y  d e c r e a s e  

t h e  a c u t e  a n d  l a t e  e f f e c ts  o f  c a n c e r  t h e r a p y  [ 1 ] .  T h e  D F S  m a y  a ls o  

b e  i m p r o v e d  b y  u s i n g  c o n f o r m a l  a n d  i n t e n s i t y  m o d u l a t e d  

r a d i o t h e r a p y  (I M R T ) a n d  i m a g e  g u i d e d  r a d i o t h e r a p y  (IG R T ). 

T h e s e  m o d e r n  r a d i o t h e r a p y  t e c h n i q u e s  h a v e  t h e  c a p a b i l i t y  o f  

i m p r o v i n g  t u m o r  t a r g e t  c o v e r a g e  w h ile  m i n i m i z i n g  t h e  d o s e  to  

a n d  v o l u m e  o f  t h e  s u r r o u n d i n g  n o r m a l  t i s s u e  i r r a d i a t e d  [9 ] .  

F u r t h e r  s t u d i e s  a r e  n e e d e d  t o  d e t e r m i n e  w h e t h e r  t h e s e  m o d e r n  

r a d i o t h e r a p y  t e c h n i q u e s  i m p r o v e  t h e  o u t c o m e  o f  t h e  f r a c t i o n a t e d  

r a d i o t h e r a p y  a n d  t h e r e b y  d e c r e a s i n g  t h e  a c u t e  a n d  l a t e  e f f e c ts  

a n d  i m p r o v i n g  t h e  d i s e a s e - f r e e  s u r v iv a l .
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5.1 Introduction

The progress of biomedical sciences to the current level owes 
deeply to the constructive role played by physical and biophysical 
principles, techniques, and tools. This extends to all branches of 
medical sciences, including cancer research. Cancer is a dreaded 
disease that continues to kill millions of people worldwide. 
Considerable efforts have, therefore, been directed to research for 
better understanding of tumorigenesis, prevention and therapy. 
The major modalities of cancer treatm ent so far developed 
are surgery, chemotherapy, and radiotherapy. However, these
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have inherent limitations, and the major problem faced by 
clinicians and researchers is the development of radio-resistance 
and chem o-resistance by cancer cells. Also, the side effects of 
anticancer drugs severely affect the patients. Therefore, there is 
a need for the development of new approaches and optimization 
of protocols for overcoming these difficulties and provide 
effective cancer therapy to the patients. Thus, the development 
of effective therapy of cancer is one of the major challenges of 
the 2 1 st century.

Physical and biophysical techniques have played an im portant 
role in the diagnostics and therapeutic strategies for the 
treatm ent of diseases. In this respect, use of biophysical principles, 
methodologies, and instruments has provided new and sensitive 
approaches to cancer treatm ent. However, there is a need to 
enhance the effectiveness of existing treatm ents of radiation and 
chemotherapy.

In order to increase the intracellular drug accumulation, 
various techniques have been developed such as incorporation 
of drugs into liposomes, using specific antibodies, magnetic drug 
targeting or enhancing the membrane permeability by physical 
or chemical means [1 -6 ]. Against this background, it is remarkable 
to notice that externally applied electric pulses on cells and 
tissues have provided a new approach to achieving enhanced 
killing of cells in vitro and in vivo. This method is called 
electroporation. Electroporation is one of the few biophysical 
techniques that have grown rapidly from the laboratory to 
application in cancer therapy clinics [7 -13].

In this chapter, we discuss the possibilities in enhancing 
the effectiveness of the radiation and chemotherapy treatm ents 
when combined with electroporation. Investigations have been 
made on animal systems (in vivo) and at the cellular level (in vitro).

5.2 Electroporation Technologies

Electroporation involves the enhancem ent of the plasma 
membrane permeability by exposing the biological cells to electric 
pulses of high voltage and short durations. As early as 1967, 
Sale and Hamilton [14] had observed the killing of 
microorganisms, viz., bacteria and yeast due to exposure to high- 
voltage electric pulses. It was observed in 1972 by Neumann
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and Rosenheck [15] that the exposure to electric field generated 
changes in the permeability of the biological cells. This was 
followed by the study of electric field induced pore formation 
in plasma m embrane by Kinosita and Tsong [16].

Abidor et al. (1978) [17] investigated the effects of electric 
field on biological cells and gave a detailed physical theory about 
electroporation. He also proposed the mathematical explanation 
of pore formation. These pores were transient and vanished 
soon after the withdrawal o f the electric field. The micro-pores 
allow direct access to the cytosol and molecules, which are 
otherwise im permeable, and can enter the cytosol. Since then 
electroporation emerged as a powerful technique for biomedical 
research with a wide range of applications. Along with the 
development of application-based technologies, theoretical 
models based on physical laws have been proposed for a better 
understanding of the phenomenon. These involve measurements 
of electrical behavior for cell and model planer m embranes as 
a function of time [1 8 -2 3 ] and number of molecules of different 
shapes, size, and charge that are taken up by the cells for 
various electric pulses pertaining to both average cellular uptake 
[2 4 -2 6 ] and at the individual cellular level [27 -30 ].

5.3 Biophysical Basis of Electroporation
The biological cell can be imagined to be a nonconducting sphere 
with an equipotential inner side. For such a cell, placed in an 
externally applied electric field Ee, the transm em brane potential 
at any point on the cell m embrane is obtained from Laplace’s 
Equation and is given by

$m  = 1.5 rcell Eecos 0, (5.1)

where rcell is the radius of the cell and 0 the angle between the 
radius vector of the point at which the potential is measured and 
the direction of the electric field and the factor 1.5 represents 
a constant for the spherical geometry of the cell (Fig. 5.1). At
0 = 0, O m = 1.5 rcell Ee and at 0 = p, O m = -1 .5  rcell Ee. Hence, the 
difference in the transm em brane potential between the two 
diametrically opposite points of the cell surface is 3 rcell Ee. For a 
cell of radius rcell ~ 10 |im, to produce a transm em brane potential 
Om ~ 0.5 V, the applied field required is ~ 3 0 0  V/cm.



Electroporation phenomenon depends on various factors such 
as cell geometry (shape and diameter of cell), nature of buffer 
used to suspend the cells, tem perature, magnitude of applied 
electric field, and also the cell m embrane composition in term s of 
cholesterol content [31]. Neu et al. gave a very detailed theoretical 
formulation describing the biophysical basis of cell electroporation 
[32]. Shil e t al. described the physical basis for electroporation 
in a cell with cholesterol containing m embrane [33].

5.4 Combining Radiation with Anticancer 
Drugs and Electroporation

With the advancement in electronics, many companies are 
manufacturing electroporators of different specifications. Today, 
the m ost frequent application of electroporation is transfection 
of cells, involving the cellular uptake of DNA molecules. Also, this 
technology is used for the introduction of fluorescent probes 
into cells, electroloading of drugs, and transportation of molecules 
into the cells, etc. The applications have been extended to cancer 
research as well. This resulted in the em ergence of a branch of 
therapeutics called electrochemotherapy (ECT), where the electric 
pulses are used to permeabilize the cell m embrane and enhance 
the uptake of the molecules [34 -35 ]. Electrochem otherapy is 
focused on three aspects: (i) electroporation of cells in living 
tissues, (ii) potentiation of cytotoxic drugs that are nonperm eant 
to cells, and (iii) intrinsic response of the body systems, i.e., 
immune response and blood flow patterns of the patient.

Initial electrochemotherapy had been performed with 
anticancer drug bleomycin and cisplatin yielded excellent 
results. As a result, bleomycin has been used for clinical trials 
[36 -40 ]. Bleomycin was administered by intravenous injection, 
intratumoral or intraarterial [41, 42]. The application of the 
drug was mostly of the dose of 1 0 -1 5  mg/m2 and the square 
(or rectangular) wave electric pulses with 100  |is duration and 
1300  kV/cm field had been used [3 5 -4 2 ]. In m ost cases, the 
electric pulses were applied 1 -1 5  min after the intratumoral 
injection of bleomycin.

Apart from bleomycin, cisplatin was also tried out for 
electrochemotherapy. Major works were reported by the G. Sersa
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group [43, 44] involving the use of cisplatin in the treatm ent of 
melanoma. Combination studies had been reported involving 
the electroporation, radiation and cisplatin. In in vivo models, 
researchers found that electroporation had enhanced the radiation 
toxicity and the cisplatin induced toxicity to a great extent.

5.5 New Protocols-Radio-Electro- 
Chemotherapy

Doxorubicin hydrochloride is widely used as an anticancer drug 
for various types of cancers. Although it is an effective anticancer 
drug, this anthracyclin derivative is known to be cardiotoxic 
causing various effects in patients. Hence, our research aimed 
at enhancing the local potentiation of doxorubicin (DOX) and 
radiation with electroporation treatm ent. The aim was to deliver 
drug and radiation locally and enhance the effects by local 
electroporation at the tumor.

With this endeavor, we undertook in vitro studies on cell- 
lines to understand the cellular effects of combined treatm ent 
and then undertook in vivo studies on solid tumors in Swiss mice.

5.5.1 Effects on Cancer Cells: In vitro Studies

To study the effects of combination therapy involving radiation, 
drug and/or electroporation on cancer cells, in vitro studies were 
performed on murine Ehrlich ascites carcinoma (EAC) cells. 
The cell line was maintained in vivo in Swiss mice preferably in 
the peritoneal cavity of mice. Female Swiss mice (6 -7  weeks old) 
weighing ~ 25  g and reared in the Animal house of the Bhabha 
Atomic Research Centre (BARC) was used for the study. The 
guidelines issued by the Institutional Animal Ethics Committee of 
BARC, Government of India, regarding the care and experimental 
use of the animals were strictly followed. These rules are in tune 
with the national laws on animal experimentation, Republic of India.

For the purpose of irradiation, Co-60 gamma rays from a 
Junior Theratron Teletherapy facility at BARC, Mumbai, was used 
(dose rate: 0 .37 Gy/min). Electroporation was carried out using 
the indigenously built medical electroporator (BARC-RB&HSD/
01-04) with rectangular waves (1 -2  kV/cm; duration; 2 0 0  |is;



number of pulses/burst: 8; number of bursts: 10). Specially 
designed cuvettes with parallel-plate electrodes were used for 
electroporation of the cell suspension. Cellular effects of the 
various treatm ents were evaluated in term s of (i) generation of 
reactive oxygen species (ROS) by fluorescence techniques using 
2'-7'-dichlorofluorescein diacetate (H2DCFDA), (ii) changes in 
mitochondrial potential using the spectrofluorom etric method 
with 3,3-dihexyloxacarbocyanine iodide (DiOC6) as the fluorescent 
probe, (iii) membrane oxidative damage by spectrofluometer with
1,6-diphenyl-1,3,5-hexatriene (DPH) as probe, (iv) determination 
of apoptosis by Annexin V [45].

EAC cells were harvested and treated with DOX combining 
with either electroporation or radiation. It was observed that 
treatm ent with 5 ng/mL DOX and 2 Gy Co-60 Gamma rays resulted 
in 2-fold increase in the cellular ROS (versus control, p  < 0.001, 
t-test), 2-fold decrease (versus control, p  < 0.001, t-test) in the 
mitochondrial potential, and a 3-fold increase in apoptotic index 
(versus control, p  < 0.001, t-test). When EAS cells were treated 
with 5 ng/mL DOX and electroporation (2 kV/cm; duration; 
200  |is; number of pulses/burst: 8; number of bursts: 10), we 
observed 2.5-fold increase in the cellular ROS (versus control, 
p  < 0.001, t-test), 3-fold decrease (versus control, p  < 0.001, t-test) 
in the mitochondrial potential, and a 4-fold increase in apoptotic 
index (versus control, p  < 0.001, t-test).

Treatm ent of EAC cells with 10 ng/mL DOX and 2 Gy Co-60 
Gamma rays resulted in 2.6-fold increase in the cellular ROS 
(versus control, p  < 0.001, t-test), 2.3-fold decrease (versus control, 
p  < 0.001, t-test) in the mitochondrial potential, and a 3.5-fold 
increase in apoptotic index (versus control, p  < 0.001, t-test). When 
EAS cells were treated with 10 ng/mL DOX and electroporation 
(2 kV/cm; duration; 200  |is; number of pulses/burst: 8; number 
of bursts: 10) we observed 3.2-fold increase in the cellular ROS 
(versus control, p  < 0.001, t-test), 3.5-fold decrease (versus control, 
p  < 0.001, t-test) in the mitochondrial potential, and a 5-fold 
increase in apoptotic index (versus control, p  < 0.001, t-test).

The results implied that combination of DOX with 
electroporation, that is, electrochem otherapy yielded better 
cytotoxic effects in EAC cells than the treatm ent combination of 
DOX with gamma irradiation.
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5.5.2 Effects on Tumors: In vivo Studies

Initial experiments were performed to study the dose response 
of DOX on murine fibrosarcoma, grown in the right hind leg of 
Swiss Mice. Animals were treated with doses of DOX at 0.6, 1.2, 
and 2.4 mg/kg of body weight. Based on the outcome, a DOX dose 
of 0.6 mg/kg of body weight was chosen for the combined 
treatm ent.

Drug was injected intramuscular injections and electroporation 
carried out within 4 min. For combined modality therapy, drug 
and electroporation treatm ents were delivered within 10 min of 
irradiation with Co-60 gamma rays. Following treatm ent groups 
were considered for the study: control (untreated), vehicle 
control (only 0.9%  NaCl), only electroporation, only radiation, DOX 
+ radiation, DOX + electroporation, radiation + electroporation, 
and radiation + DOX + electroporation.

For all these groups, radiation treatm ent of Co-60 gamma 
rays (dose rate 0.37 Gy/min) and electroporation (1 kV/cm, 
200  |is, 8 pulses per burst, 10 bursts) from medical electroporator 
(BARC-RB&HSD/01-04, BARC, Mumbai) was used.

The effects o f the treatm ents were evaluated in term s of 
tumor growth kinetics. It was observed that individual treatm ents 
with Radiation, DOX and electroporation produced tumor growth 
delay of 0.72, 0 .54 and 0.66 days respectively, compared to 
control. The highest growth delay (1.72 days) was observed in 
mice treated with radiation + DOX + electroporation (Table 5.1).

Table 5 .1  Tumor growth delay in murine fibrosarcoma

Treatment groups Tumor growth delay

Control —

Vehicle control —

Electroporation 0.72

Radiation 0.54

DOX 0.66

DOX + electroporation 1.2

DOX + radiation 1.5

Radiation + DOX + electroporation 1.72



The study demonstrated that the combination of ionizing 
radiation (Co-60 gamma rays), local delivery of DOX with 
electroporation has enhanced tumor toxicity. Thus, with a lower 
dose of DOX and moderate doses of radiation (2 Gy), it was 
possible to effectively reduce tumor growth [46].

5.6 Conclusion

The use of electroporation has been found to enhance the effects 
of moderate dose of ionizing radiation and lower dose (half the 
standard human dose) o f anticancer drug DOX. The combination 
of all three in solid tumors in mice reduced the tumor growth 
by alm ost half to that of untreated. Hence, the combination of 
irradiation followed by local potentiation of anticancer drugs 
using electroporation, a protocol which can be called rad io-  
electro-chem otherapy , holds promise of effective therapy of solid 
tumors. The studies hold promises for the combination therapy 
of solid tumors in future.
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Chapter 6

Motivation to Explore New Techniques 
for Synthesis of Metal Nanoparticles and 
Their Immense Importance in Biological 
and Medicinal Applications
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Nanoparticles o f metals with size ranging from 1 to 100  nm 
have unique properties that assist in molecular diagnostics and 
therapies. Various methods including physical and chemical routes 
are available for synthesis of metal nanoparticles. In addition 
to these methods, a new radiation-assisted synthesis method 
discovered provides a feasible alternative. In this work, silver and 
gold nanoparticles have been synthesized by irradiating solutions, 
prepared by mixing appropriate metal salt in 2-propanol and 
distilled water having PVA, with 6 MeV electrons. The effect of
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electron fluence on the particle size is described, at room 
temperature. Metal nanoparticle solutions were characterized 
by UV-vis absorption spectroscopy, X-ray diffraction, transmission 
electron microscopy, and energy dispersive spectroscopy 
techniques. The study reveals that the particle size decreases and 
monodispersivity increases with increasing electron fluence, which 
is a new finding in this work. This method is easy in operation 
and even a period of about 10 min is sufficient to obtain a 
signature of the nanoparticles. In m ost of the medical applications, 
silver and gold nanoparticles antimicrobial property was majorly 
explored, though the anti-inflammatory property has its fair 
share o f applications.

6.1 Introduction

Despite the notorious nature of radiation, at a different level, it 
plays an im portant role in the day-to-day life, such as microwave 
radiation for instant heating of food and radiation treatm ent 
for the preservation of food from microorganisms, bacteria, 
viruses, etc.

High-energy radiation (electron, gamma, position, X-rays) 
has revolutionized the medical field by enhancing the ability of 
medical professionals to treat and diagnose different type of 
diseases in humans as well as animals. Today, CT scans, magnetic 
resonance imaging (MRI)/positron emission (PE) tomography 
and use of X-rays along with advanced computer technology 
produce highly detailed horizontal/axial/cross-sectional images 
of the body, including the bones, muscles, fat, organs, and blood 
vessels. Using these scans, medical professionals can accurately 
find clots and other harmful medical conditions of the patients.

Living organisms in human or animals are made up of cells 
of size typically ~ 10  |im, which have much smaller parts of 
sub-micron sizes. Proteins are even smaller with a typical size of 
ju st 5 to 10 nm and are comparable to the dimensions o f sm allest 
manmade marvel “nanoparticles.” Prof. O. V. Salata from the 
University of Oxford, UK, states that this simple size comparison 
gives an idea of using nanoparticles as very small probes that 
would allow us to spy at the cellular machinery without 
introducing too much interference. Understanding of biological
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processes on the nanoscale level is a strong driving force behind 
the development of nanotechnology [1].

The medical properties of metals are known from ancient 
Ayurvedic treatm ents. This promotes the use of herbs and herbal 
preparation routes for the treatm ent of various illnesses. The 
system frequently employs unique metallic preparation known as 
bh asm as  with extracts of herbal juices for curing diseases. These 
bh asm as  contain herbo-m etal particles of sizes 1 0 -5 0  nm, and use 
of specific nanoparticles o f metal for the treatm ent of diseases 
has been a common practice in Ayurveda [2]. Some of the 
common metals used are silver (Ag) and gold (Au). In modern 
nanomedicine and Ayurvedic treatm ent, Ag nanoparticles are 
used to cure ailments such as muscle wasting, nerve disorders, 
brain diseases, and meningitis and Au nanoparticles have shown 
special cure for rheumatoid arthritis [2].

In addition to the above-mentioned medical applications, 
metal nanoparticles are used as antimicrobial agents in many 
public places such as railway stations and elevators around the 
world and they show good antimicrobial action due to their 
high toxicity to microorganisms, including 16 m ajor species of 
bacteria [3, 4].

There are various physical and chemical routes available 
for synthesizing metal nanoparticles of desired size and shapes. 
This work summarizes a new method developed for the synthesis 
of metal nanoparticles, where high-energy notorious radiation 
(6 MeV electron) is used to obtain m onodispersed metal 
nanoparticles [5]. These prepared nanoparticles can be utilized for 
said the already-mentioned biological and medicinal applications.

6.2 Experimental

Nanoparticles of metals such as silver and gold were synthesized 
in the aqueous medium using the 6 MeV electron irradiation 
technique. In this technique, silver nitrate (AgNO3) and chloro- 
auric acid (HAuCl4) were used for synthesizing Ag and Au 
nanoparticles. The particles formed in the solution were stabilized 
by adding PVA in aqueous solution.

During the synthesis of Ag nanoparticles, samples o f Ag- 
solution were prepared by mixing 3 wt% of polyvinyl alcohol



(PVA), 0 .001 M AgNO3 and 2-propanol in distilled water. With 
the presence of alcohol, such as 2-propanol in the solution, the 
OH and H  radicals are scavenged to yield reducing organic 
radicals [5]. The solution was prepared in dark room and 
precautions were taken not to allow Ag to reduce at room 
temperature. The Ag-solution was filled in different thin-walled 
glass bottles each of size 15 mm diameter and 40  mm height. 
These glass bottles were covered with thin aluminum foil to avoid 
a direct exposure to day light.

The Microtron accelerator was tuned to obtain an electron 
beam of energy ~ 6 MeV energy, flux ~ 1 0 12 e/cm2-s, with a pulse 
width of 1.6 |is at a repetition rate of 50 PPS. The Ag-solution 
was irradiated uniformly with 6 MeV electrons to desired 
electron fluence in the range from 2 x 1 0 13 e/cm2 to 4 x 1 0 13 e/cm2.

By following the same experimental procedure Au, particles 
were also synthesized. The samples of Au-solution were made in 
distilled water by mixing 0 .001 M HAuCl4 and 3 wt% of PVA and
2-propanol. The solution in the glass bottle was irradiated 
and electron fluence was varied in the range from 1 x 1 0 14 to
1 x 1 0 15 e/cm2.

The synthesized metal nanoparticles were characterized 
using different techniques such as X-ray diffraction (XRD), UV- 
Vis absorption spectroscopy, transm ission electron microscopy 
(TEM) and energy dispersive spectroscopy (EDS). For the XRD 
analysis, a few drops of solution were spread on quartz plate and 
dried. For the TEM measurements, a self-supported ultrathin 
film of the respective electron-irradiated solution was made in 
the laboratory. Then with the help of a fine-edge blade, a small 
edge piece was cut from this ultrathin film and mounted on the 
TEM grid. The optical absorption spectra of the electron- 
irradiated Ag and Au solutions were measured using a UV-Vis 
spectrophotometer.

6.3 Results and Discussion

The recorded XRD spectra of the thin coatings casted from 
the Ag-solution irradiated at electron fluences 2 x 1 0 13 and 
3 x 1 0 15 e/cm2 are shown in Figs. 6.1a,b, respectively. Four 
distinct XRD peaks at 2 8  values of 38.40, 44.30, 64.40, and 77.40
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represent the (111), (200), (220), and (311) crystalline planes of 
the face-centered cubic Ag crystal structure, respectively [6-8]. 
The sizes of the particles w ere estim ated by analyzing the XRD 
spectra using Scherrer's formula [9]. The range of size distribution 
estim ated from the XRD spectra shown in Figs. 6.1a,b are 57  to 
64  nm and 8 to 12 nm, respectively. At a lower electron fluence 
(2 x 1 0 13 e/cm2), the average size of the Ag nanoparticles is 
60 nm and it decreased to 10 nm at an electron fluence of 
3 x 1 0 15 e/cm2. These results indicate that the size of Ag 
nanoparticle decreases with increasing electron fluence from
2 x 1 0 13 to 3 x 1 0 15 e/cm2.

2 0 (Degree)

Figure 6 .1  The XRD spectra of the Ag-solution irradiated at an electron 
fluence of (a) 2 x 1013 e/cm2 and (b) 3 x 10 15 e/cm2.

In case of Au nanoparticles, the XRD spectra recorded for the 
thin coatings made from the electron-irradiated Au-solution at 
an electron fluences of 1 x 1 0 14 and 1 x 1 0 15 e/cm2 are shown in 
Fig. 6.2. The diffraction peaks that appeared at 20  ~ 38.2°, 44.3°, 
64.6°, and 77.4° are assigned to the (111), (200), (220), and 
(311) planes o f the face-centered cubic phase o f Au crystal, 
respectively [10, 11]. A broad nature of XRD peaks in Fig. 6.2 a 
indicates the formation of nano-size Au crystallites. These results 
indicate that smaller-size Au nanoparticles are produced at higher 
electron fluences (1 0 15 e/cm2). The particle size distribution 
was found to vary from 18 to 12 nm and 4 to 2 nm for the 
particles synthesized in Au-solution irradiated at an electron 
fluence of 1 x 1 0 14 and 1 x 1 0 15 e/cm2. These results therefore
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clearly show that Au nanoparticles can be synthesized by 
6 MeV electron irradiation methods and the size of the Au 
nanoparticles decreases with increasing electron fluence.
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Figure 6 .2  The XRD spectra of Au-solution irradiated at an electron 
fluence of (i) 1 x 1014 e/cm2 and (ii) 1 x 1015 e/cm2.

The decrease in the size of nanoparticle with increasing 
electron fluence as evidenced from the XRD spectra was further 
confirmed by the UV-Vis absorption spectroscopy measurements. 
Based on the Mie theory [12 ], it is considered that the 
absorption peak originating from the surface plasmon resonance 
get shifted to lower wavelength side with decreasing particle 
size, and towards higher wavelength with increasing particle size. 
It  is well known that the position and shape of the plasmon 
absorption of metal nanoclusters are strongly dependent on the 
particle size, dielectric medium, and surface-adsorbed species 
[13 -15 ]. By keeping all these param eters under consideration, 
the medium (solvent) and surface adsorbed species (PVA) in 
the solution were kept the same. Using a HITACHI 330  made 
spectrophotometer, the optical absorption properties o f the 
electron-irradiated solutions were studied. The optical absorption 
spectra for the Ag-solution irradiated with electrons at fluences 
in the range 2 x 1 0 13 to 3 x 1 0 15 e/cm2 are shown in Fig. 6.3. 
The absorption spectrum for each electron-irradiated samples 
was measured with reference to the solvent (water) used for 
the synthesis.

The optical absorption spectrum for the Ag-solution 
irradiated at an electron fluence of 2 x 1 0 13 e/cm2 is dominated 
by a single absorption peak at ~ 455  nm, which corresponds to 
the surface plasmon resonance peak of Ag nanoparticles [15].

(I) <t>= 1 X 1 0 e/cm' 

(ii) 4>= 1 X  1 0 l! e / cm ’
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At higher electron fluence, 3 x 1 0 16 e/cm2, this peak shifts to 
lower wavelength ~ 3 9 4  nm. This blue shift of ~ 61  nm in the 
plasmon absorption peak reveals that the size of the particle 
reduces with increasing electron fluence.

Similarly, the optical absorption spectra of the Au-solution 
irradiated at various electron fluences in the range from 1 x 1 0 14 
to 1 x 1 0 15 e/cm2 are shown in Fig. 6.4.

Figure 6 . 3  The optical absorption spectra of Ag-solution irradiated 
at different electron fluence over the range 2 x 1 0 13 to 
3 x 1 0 15 e/cm2.

X (nm)

Figure 6 . 4  The optical absorption spectra of Au-solution irradiated at 
different electron fluence s over the range from 2 x 1 0 13 to 
3 x 1 0 15 e/cm2.

The results are the same as obtained in the case of Ag 
nanoparticles (Fig. 6.3). The surface plasmon absorption peak 
for the Au nanoparticles synthesized at an electron fluence of 
1 x 1 0 14 e/cm2 is observed at ~ 5 3 1  nm, which is the typical 
surface plasmon absorption peak for spherical Au nanoparticles 
[1 0 -1 8 ]. The plasmon absorption peak for Au nanoparticles blue 
shifted (~ 3 8  nm) to a lower wavelength from 531 to 493  nm, 
with increasing electron fluence up to 1 x 1 0 15 e/cm2.
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A typical TEM image of a thin film made from the Ag-solution 
irradiated with 6 MeV electrons at different fluencies is shown 
in Fig. 6.5. At lower electron fluence of 2 x 1 0 13 e/cm2, the 
particles are of spherical shape, but with a high degree of 
polydispersivity and a wide size distribution.
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Figure 6 .5  TEM image of the Ag nanoparticles synthesized at an 

electron fluence of (a) 2 x 1013 e/cm2, (b) 3 x 1015 e/cm2, 
(c) magnified image of Ag nanoparticles in (b) and (d) the 
electron diffraction pattern of the (b) sample.

The size of the Ag nanoparticle varied from 40  to 80  nm, 
with average size o f ~ 60  nm. Moreover, it can be seen in Fig. 6.5a 
that the Ag nanoparticles of lower size, ~ 2 0  nm, are also present 
in the sample, but in lower number. These results indicate that 
the Ag particles of relatively large size are produced at lower 
electron fluence.

Figures 6.5b,c reveal that Ag nanoparticles are nearly spherical 
in shape, which is consistent with the result obtained from 
optical absorption spectroscopy, as shown in Fig. 6.3. In addition 
to this, the particle size distribution in this sample lies in the 
range of 1 0  to 15  nm, with average size ~ 1 2  nm. The crystal 
structure of the Ag nanoparticles was again confirmed using 
electron diffraction. The obtained electron diffraction pattern for 
the Ag nanoparticles synthesized at an electron fluence of
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3 x 1 0 15 e/cm2 is shown in Fig. 6.5d. The diffraction rings shown 
in Fig. 6.5d could be indexed to (111), (200), (220), and (311) 
planes of face-centered cubic phase of Ag crystals [6, 19]. These 
results are consistent with those of the XRD peaks shown in 
Fig. 6.1.

Similarly, the Au nanoparticles synthesized in the Au-solution 
were also studied by the TEM technique, and the results are 
shown in Fig. 6.6.

(a)

Figure 6 .6  TEM images of Au nanoparticles synthesized at electron 
fluence: (a) 1 x 1014 e/cm2 and (b) 1 x 1015 e/cm2, and 
(c) electron diffraction pattern for (b) sample.

For Au nanoparticles synthesized at an electron fluence
1 x 1 0 14 e/cm2, a wide distribution of particle size was observed, 
which may vary from 15 to 5 nm with an average particle size 
~ 1 0  nm. Moreover, there are very less number of particles o f size 
~ 5  nm but a large num ber of particles with average size around 
~ 1 0  nm. For Au nanoparticles synthesized at 1 x 1 0 15 e/cm2, as 
shown in Fig. 6.6b, the particle size distribution decreased with 
an average particle size ~ 3  nm. As seen in the TEM image, m ost 
of the isolated particles have nearly spherical shape. The electron 
diffraction pattern taken for the Au nanoparticles synthesized 
at an electron fluence of 1 x 1 0 15 e/cm2 shown in Fig. 6.6c could 
be indexed to the face-centered cubic phase with (111), (200),



(220), and (311) planes o f Au crystals [19]. These results are 
consistent with the XRD spectra shown in Fig. 6.2 a.

The presence of metal (Ag and Au) nanoparticles in the 
thin coatings made from the electron-irradiated solutions was 
confirmed using an elemental analysis technique such as EDS. 
The recorded EDS spectra for the PVA-stabilized Ag and Au 
nanoparticles synthesized at respective electron fluence of
3 x 1 0 15 and 1 x 1 0 15 e/cm2 are shown in Fig. 6.7.
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Figure 6 .7  EDS spectra for the thin coatings made from the (a) Ag- 
solution-I, (b) Au-solution-I, and (c) Cu-solution-I irradiated 
a t 1 x 1015 e/cm2 of 6  MeV electrons.

As explained in experimental section, few drops of respective 
nanoparticles solution was spread on quartz plate and dried in 
oven at 60°C. This sample was used for EDS analysis. Ag L a  line 
at E  = 2 .983 keV reveals presence of Ag in the sample. Moreover, 
in case of Au and Cu nanoparticles by the presence of Au Ma 
line at E  = 2 .121 keV and Cu Ma line at E  = 0.82 keV along with 
the other line as explained above. The observed core level x-ray 
line indicates that the respective sample contain metallic Ag, Au 
and Cu.

The results of XRD, UV-Vis absorption spectroscopy, TEM, and 
SEM clearly indicate the formation of Ag, Au, and Cu nanoparticles 
in the respective solutions under 6 MeV electron irradiation. 
The XRD and optical absorption spectroscopy measurements 
evidence the formation of relatively large-size metal nanoparticles 
at lower electron fluence of ~ 1 0 14 e/cm2. Moreover, small-size 
metal nanoparticles are formed with increasing electron fluence
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to higher values of 1 0 15 e/cm2. As shown in Figs. 6.3 and 6.4, 
the surface plasmon peak for corresponding nanoparticles shifts 
towards lower wavelength side with increasing electron fluence. 
This indicates that the size of the nanoparticle decreases with 
increasing electron fluence and depends on electron fluence. As 
a m atter of fact, this effect can be attributed to the zero valance 
M0 atoms produced initially in the solution due to radiolytic 
reduction of metal salt, water, and PVA under 6 MeV electron 
irradiation. In addition to this, the irradiation cross-linking of 
PVA chains, which is used as a particle stabilizer, is also greatly 
affected by electron fluence. At lower electron fluence, the 
concentration of the zero valence M0 atoms is high but there is 
a low yield of cross-linked PVA chains. As the reaction proceeds, 
these metal atoms (M0)  act as a nucleation center for the ions 
present in the solution and further coalescence. At lower electron 
fluence, a few nucleation centers are produced that can absorb 
the excess ions, which are produced in the solution. Therefore, 
lower electron fluence may favor the formation of large-size 
metal nanoparticles because of low nucleation centers and lower 
cross-linked density of PVA, resulting in a slow stabilizing rate. 
This results in growth in the size of the nanoparticles; so there 
is low concentration of nanoparticles but with large size. With 
increasing electron fluence, the large-size Ag nanoparticles might 
be broken into smaller pieces to form small-size nanoparticles or 
there would be an increase in the number of nucleation centers, 
but at the same time the rate of production of excess ions remains 
the same. Moreover, at higher electron fluences the growth rate 
of the metal nanoparticles is confined by a polymer matrix with 
a high density of cross-linked polymer [20], resulting in a large 
number of small-size metal nanoparticles. From XRD and TEM 
results, shown in Figs. 6.1, 6.2, and 6.5, 6.6, respectively, it is 
observed that the increase in the FWHM of the XRD peak 
is related with an increase in the particle size and this decrease 
in the particle size is observed in the TEM images.

The results shown in this work clearly indicate that electron 
fluence plays an im portant role in controlling the size of metal 
nanoparticles. The literature survey shows that the surface 
plasmon peak strongly depends on the particle size under 
identical conditions of the precursor. The increase in electron 
fluence shows a major blue shift in the surface plasmon



absorption peak position of the metal nanoparticles compared 
with that in the metal nanoparticles synthesized with varying 
the concentration of PVA in the solution at the same electron 
fluence.

To understand nucleation and growth of metal nanoparticles 
in solution, it is necessary to know interaction of high-energy 
electrons with the medium. Energetic electrons deposit energy 
in a medium through various processes, among which the 
prom inent processes are ionization and excitation of atoms, 
breaking of chemical bonds, cross-linking, and disintegration 
of molecules [21]. During electron irradiation, the following 
electron-induced radiolytic reactions and disintegration processes 
can be initiated in an aqueous mixture of the metal salt, PVA, 
and 2-propanol solution [6, 7, 2 0 -2 7 ].

n ■ H2O ------ > e-aq, H-, OH-, H2, H3O+, H2O2, ...

MS ^  Mx+,

where MS is the metal salt and Mx+ is the metal ion produced in 
the solution due to dissociation of the metal salt under electron 
irradiation. The metal salts used here are AgNO3 and HAuCl4, 
which release metal ions such as Ag+ and Au3+ in the solution. 
The oxidation of hydroxyl radical OH- is avoided by addition of 
radical scavengers, such as 2-propanol, which yields after reaction 
with OH- and H- to a secondary reducing radical (CH3) 2C-OH 
[6, 20, 27].

(CH3) 2CHOH + OH  ^  (CH3) 2C-OH + H2O

(CH3) 2CHOH + H- ^  (CH3) 2C-OH + H2

For the M+ ions, the electron capture cross section is very high 
[20] and, therefore, a large number of neutral (M0) metal atoms 
can be produced in the solution through the following reaction:

M+ + e- aq ^  M0

The neutral M0 atoms can encounter the excess M+ ions; then 
they tend to associate with ions and coalesce into dimers. These 
dimers progressively grow into oligomers followed by a large 
cluster, which eventually precipitates out in the solution through 
the following reactions:
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M0 + M+ ^  M+2,

Mn-1 + M+ ^  Mn+

Moreover, to obtain a stable cluster of nanom eteric dimension, 
the coalescence has to be confined by adding a polymeric 
molecule acting as a particle stabilizer. Usually polyvinyl alcohol 
(PVA) is used as a stabilizing agent because it does not reduce ions 
before irradiation [6, 20]. Moreover, on irradiation with electrons, 
the process of cross-linking of PVA and subsequently hydrogel 
formation occurs in the aqueous solution. The higher stability 
and uniform distribution of metal nanoparticles in a gel matrix, 
without aggregation of small particles are some of the major 
advantages offered by such stabilizing polymers [20].

After addition of the particle stabilizer PVA, under electron 
irradiation the reaction leads to further reduction of M+ ions 
through the strongly reducing hydrated electrons as well as by 
the cross-linked polymeric radicals PVÂ  [20]. During electron 
irradiation, the following disintegration can occur with PVA:

PVA(H) + OH ^  PVÂ  + H2O

Mn+ + e-aq/PVA  ̂^  (M)n (Metal nanoparticle)

In this manner, during electron irradiation, the size of the 
metal particle can grow, and subsequently metal particles of 
nanom eteric dimensions can be synthesized in the solution.

6.4 Conclusion

The results of the present study unambiguously illustrate that 
the 6 MeV electron irradiation method can be used for synthesizing 
metal (Ag and Au) nanoparticles of variable sizes at room 
temperature. The TEM results show that the metal nanoparticles 
have spherical shape, with face-centered cubic geometry. The size 
of Ag and Au nanoparticles could be tailored from 60 to 10 nm 
for Ag and 15  to 3 nm for Au nanoparticles, by varying electron 
fluence from 1 0 13 to 1 0 15 e/cm2. The unique feature of the 
electron irradiation method is that the particle size can be 
decreased with increasing electron fluence. In chemical and other



methods, the particle size normally increases with increasing 
the processing period. The metal particles synthesized with 
the present method were stable even after storing at room 
tem perature for a period of more than six months; therefore they 
can be utilized biological and medical applications.
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Chapter 7

Gold Nanoparticle-Assisted Radiation 
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Nanotechnology is a rapidly growing field with ramifications in 
medicine, chemistry, biology, engineering, and materials science. 
Nanomaterials possess unique optical, electrical, and magnetic 
properties that are different from bulk m aterial o f the same 
chemical. As a result, they are being developed for various 
applications in medicine such as targeted drug delivery, 
diagnostics, and therapy. Various metallic nanoparticles are being 
tested for medical applications. Among them, gold nanoparticles 
are considered to be biologically safe and biocompatible materials 
and have attracted considerable attention in cancer imaging 
and radiation therapy (RT). RT is one of the modalities used in 
treating cancer. In RT the dose delivered by ionizing radiation 
can be enhanced in the presence of radio-modifying materials 
(e.g., high -z  number) in cancer cells. Therefore, it is possible 
to eliminate cancer cells from the tumor. This chapter discusses 
the effectiveness of gold nanoparticle-assisted radiation therapy.
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7.1 Introduction and Background

Radiation therapy (RT) is the clinical and scientific discipline in 
which high-energy ionizing radiation (photons, electron, protons 
and heavy charged particles) is used to eliminate m asses of 
cancer cells (or malignant neoplasms), through mitotic death or 
apoptosis. Almost 52%  of cancer patient undergo radiotherapy 
at least once during their treatm ent course.

Ionizing radiations’ interaction with human tissues occurs 
at the atomic level through excitation and, m ore commonly, 
ionization. When an atom is ionized, its chemical binding 
properties are altered. If the atom is part of a large molecule, 
ionization may result in the breakage of the molecule or change 
in the location of the atom within the molecule. These alterations 
may impair function and result in cell death. However, cells 
and tissues can repair, regenerate, and recover. Early effects 
of radiation are injuries that occur within minutes, hours, and 
days, while the late effects are those injuries that occur within 
months, years, and decades after exposure. Radiation acts on a 
biological system indirectly and directly through the process of 
ionization and free radical production. An indirect effect occurs 
as a result of the radiolysis of water and the production of free 
radicals, while the direct effect occurs when the ionizing radiation 
interacts directly with a particularly radiosensitive molecule,
i.e., deoxyribonucleic acid (DNA). There is strong circumstantial 
evidence that DNA is the principal target for the biological 
effects of radiation, including cell killing, carcinogenesis, and 
mutation. The extent of damage is the direct result of the amount 
of energy deposited per unit mass, called absorbed dose, which 
is measured in Gray (Gy).

The objective of radiation therapy is to deliver a prescribed 
dose to the tumor while limiting the dose to surrounding 
normal tissues and critical organs. While the prescribed doses of 
radiation are designed to cause tumor regression, they must 
also minimize the inevitable consequences of subjecting healthy 
tissue to radiation. Cancer cells are more susceptible to radiation 
than m ost normal human cells, due in part to the higher rate of 
tumor cell replication and the irregular structure of cancer 
cell DNA. Still, damaging healthy tissue can inhibit proper 
physiological functions and lead to a reduction in the patient’s
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quality of life. Thus, the primary goal of RT is to maximize the 
probability o f tumor control while at the same time minimize 
complication to the normal tissue. In practice, however, we have 
been hampered by our abilities to identify cancer cells and 
irradiate them meticulously with radiation without harming 
the normal tissues. Overcoming this limitation to achieve the 
goal o f radiation therapy is the key component that drives the 
development in technology, radiation physics, and tumor biology. 
RT can be delivered by external beam  radiation therapy (source 
of radiation placed far away from the patient) or brachytherapy 
(source o f radiation placed near or within the tumor).

Over the past decade, enormous progress has been made 
in RT treatm ent planning and delivery technique, such as three­
dimensional conformal radiation therapy (3DCRT), stereotactic 
radiosurgery (SRS), stereotactic radiotherapy (SRT), intensity- 
modulated radiotherapy (IMRT), intensity-modulated radiosurgery 
(IMRS), and, recently, image-guided radiotherapy (IGRT). This 
was realized primarily due to the groundbreaking innovations 
in physics and technology, introduction of fast computers, 
availability of multimodality imaging devices (CT, MRI, PET-CT, 
etc.), more sophisticated, accurate and robust dose computational 
algorithms, technological development in computer-controlled 
treatm ent delivery machine (linear accelerator), and better 
understanding of tumor biology.

Heavy elements (high Z number) possess higher photoelectric 
absorption cross sections and they can be potent radiosensitizers 
[1]. The photoelectric phenomenon takes place below the 
electron rest energy of 511  keV, beyond which inelastic Compton 
scattering becom es more prevalent. Gold nanoparticles have 
larger atomic radius than gold atoms (0.17 nm) and thus should 
have stronger radiation enhanced effect than the gold atom. 
Ample literature is available on the mechanisms of interactions 
of metallic gold nanoaparticles and other nanoparticles with 
biological systems [2-5]. GNPs are considered biologically safe 
materials, biocompatible both in vitro and vivo as these do not 
cause cellular toxicity. They exhibit greater CT attenuation at 
clinically relevant imaging energies that typical iodine base 
agent. GNPs can be easily manipulated in a variety of shapes 
and sizes and possess easily controlled surface chemistry, which 
allows functions with biological molecules to improve stability



and tumor targeting. GNPs absorb high ionizing radiation than 
soft tissues, which significantly enhances the radiation effect. 
The biodistribution of GNPs can be imaged before a therapeutic 
dose is delivered and used for treatm ent planning and quantified 
prediction of dose enhancement.

7.2 Gold Nanoparticle-Assisted Radiation 
Therapy (GNRT)

As mentioned previously, the biological effects of radiation result 
from both direct and indirect action of radiation. The direct 
action is based on the interaction between radiation particles 
and complex body cell molecules (e.g., direct break-up DNA 
molecules). The indirect action is more complex and depends 
heavily on the energy loss effects of radiation on the body tissue 
and subsequent chemistry. Both these effects are more susceptible 
to the biological targets. Dose modifying factor (DMF) is one of 
the m ost im portant param eters for the evaluation of radiation- 
induced damage. It is defined as the ratio of the dose to produce 
an effect in the presence of chemicals (radiomodifiers) to the 
dose to produce the same effect in the absence of chemicals. 
Radiosensitization occurs due to increase photo absorption of 
high Z number elem ent resulting in the transfer of ionizing 
photon energy to the tumor tissue.

GNPs delivered to tumor tissues can selectively increase 
radiation efficiency leading to differentially increased cell killing. 
Theoretically the dose enhancem ent ratio of GNPs estimated 
[6, 7] using Monte carlo studies is significant (>200% ). Bereco 
et al. reported tumor killing efficiency by GNPs with irradiation 
of 6 MV X-ray in a tumor of microvascular and endothelia cells 
[8]. Chitthrani et al. showed that 50  nm NPs radiosensitize in 
both lower and higher energy photon ranges with dose modification 
factor (DMF) of 1.66 for 105 kVp and 1.17 for 6 MvP [9, 10] 
reported radiation-induced enhancem ent factor of 25-fold Kv 
X-ray at 1 mM GNPs concentration in bovine endothelial cell with 
KV X-ray. GNPs enhancem ent radiation damage yield by factor 
greater than 2 using KV range and low-energy electrons in plasmid 
DNA model system [11, 12]. A comparison of GNP radiation 
therapy enhancem ent from literature survey is shown in Table 7.1.

148 Gold Nanoparticle-Assisted Radiation Therapy



Gold N anoparticle-Assisted Radiation Therapy (GNRT) 149

Table 7 .1  C o m p a ris o n  o f  GNP ra d io th e ra p y  e n h a n c e m e n t s e le c te d  
fro m  th e  L ite ra tu re

R e fe re n ce s

P a p e r

c ita tio n

C e ll

lin e s R a d ia tio n GN P conc. E ffe ct

Jain et al. [34] Int. J. Radiat. MDA- 160 kVp 12 um S E R  = 1.41

Oncol., 2011, 

79, 5 3 1 -5 3 9

M B-231

DU 145  

L132

6 MV

15 MeV

6 MeV electron

16 MeV electrons 

160 kVp

6 MV

6 MeV electron 

160 kVp 

6 MV

6 MeV electron

12 um 

12 um 

12 um 

12 um 

12 um 

12 um 

12 um 

12 um 

12 um 

12 um

S E R  = 1.29 

S E R  = 1.16 

S E R  = 1.04  

S E R  = 1.35 

S E R  = 0.92 

S E R  = 1.13 

S E R  = 1.12 

S E R  = 1.05 

S E R  = 1.08 

S E R  = 0.97

Chattpadhyay 

et al. [35]

B reast  

Cancer Res. 

Treat., 2013, 

137, 8 1 -9 1

MDA-

M B-361

100 kVp 2.4 m g/m l D E F  = 1.3-1.6

Chang et al. 

[16]

Cancer Sci., 

2008, 99, 

1 4 7 9 -1 4 7 8

B 16F10 6 MeV electron 11 nm D E F  = 1.02

Chithrani [9] Radiat. Res., 

2010, 173, 

7 1 9 -7 2 8

HeLa 220 kVp 

105 kVp 

6 MV 

Cs-137  

(662 keV)

1 nm  

1 nm  

1 nm  

1 nm

D E F  = 1.2­

1.43

D E F  = 1.66 

D E F  = 1.17 

D E F  = 1.18

Liu  et al. [36] Phys. Med. CT-26, 160 kVp 0 .4 -1  mM D E F  = 1.1

Boil., 2010, 

55, 9 3 1 -9 4 5

EM T-7

CT-26

EM T-8

6 MV 0.4-1.0

mM

D E F  = 1

Daniel et al. 

[29]

P LO S One, 

2013, 8, 

e62425

U251 150 kVp 1 mM S E R  = 1.3

Zhang et al. Biom ateria ls , HeLa Cs-137 0.05 and D E F  = 1 .4 1 -

[37] 2012, 33,

6 4 0 8 -6 4 3 3 ,

6419

(662 keV) 0.1 mM 1. 65

Note: Enhancem ent can vary  on the basis of several factors, including cell line and 
radiation source used.



GNP-induced radiosensitization in MV radiation energy 
range was studied by Dorsey et al. 20 1 3  [13], who conducted 
studies on specialized radiochemical film to measure potential MV 
range energy dose enhancement. They suggested that GNPs are 
capable of radiosensitization in the clinically relevant MV range of 
radiation energy. GNP-induced radiosensitization due to the 
production of low-energy secondary electrons (which are about 
three times more efficient than X-rays), which causes DNA 
damage, operates at MV photon beam energies commonly used in 
radiotherapy [11].

The accumulation of GNPs in mammary carcinoma in mice 
tumor was shown by Heinfeld et al. [14]; when GNPs (1.9 nm) 
were injected via the intravenous route, they rapidly accumulated 
in tissues with 2.7 GNP body weight resulting in 7 mg GNPs/gm 
in the tumor immediately. Heinfeld et al. performed irradiation 
60 s after injection with 250  kVp X-ray therapy. The significant 
survival was observed in the test system compared with the 
control experiments. In another report by Heinfeld, when mice 
bearing murine squamous cell sarcom a (SCC VII) were irradiated 
with X-rays (68 KeVp, 42 and 30 Gy), significant tumor growth 
delay and long-term tumor control were observed with 42 Gy 
but not with 30 Gy. Also, in mice irradiated with 157  KeV photon, 
more tumor radiosensitivity was seen with GNPs accompanied 
by 50.6 Gy than 4 4  Gy. Mice injected with melanoma cell 
(B 16F 10) were irradiated with electron (25 Gy) in the presence of 
GNPs; radiosensitization was observed in melanoma cells. Tumor 
growth rate decreased and the apoptotic signal increased [15]. 
Chang et al. showed that GNPs accumulate inside melanoma cells 
and enhance the efficiency of ionizing radiation, including tumor 
cell apoptosis and retarded tumor growth in tum or-bearing mice 
[16].

Proton radiotherapy increases tumor killing efficiency when 
directed against GNP-loaded tumors. Polf e t al. 2 0 1 1  [17] reported 
that the prostate tumor cell with internalized GPNs exhibited 
increase ionization density and lower surviving fraction when 
exposed to proton beams compared with cells exposed to proton 
therapy alone. Significantly increased DEF and reactive oxygen 
species (ROS) were observed in the mouse tumor loaded with 
GNPs and iron nanoparticles with proton energy (1 0 -4 1  Gy), 
and increased tumor regression and mouse survival in vivo, too,
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were witnessed due to the released secondary electron and 
particle-induced radiation [18].

Butterworth [19] studied cellular cytotoxic response o f cell 
lines to GNPs (1.9 nm) and measured the dose-modifying effect 
following exposure at low concentration. GNPs caused a significant 
level of cell type specific cytotoxicity, apoptosis, and increased 
oxidative stress. When dose-modifying agents were used, dose 
enhancem ent factor varied between the cell lines and showed the 
highest enhancem ent 1.9 in AO-1522B cells at GNP concentration 
of 100  ug ml-1. Exposure to GNP (1.9 nm) to induce a range of cell 
lines-specific response including decrease clonogenic survival, 
increase apoptosis and induction of DNA damage.

7.3 GNP-Assisted Hyperthermia

Hyperthermia is the heating of tissue to a temperature ranging 
40-45°C  for a short period, which results in the destruction 
of cancer cells as they are heat sensitive and have low heat 
tolerance. Hyperthermia is a potential antitumor agent and has 
the ability to inhibit cell proliferation in human tumors. 
Hyperthermia can be carried out alone and in combination 
with ionizing radiation. Hyperthermia causes denaturation of 
enzymes, proteins, and nucleic acids; chromatin damage; 
cytoplasmic damage; membrane damage (permeability changes); 
and m etabolic imbalance in cancer cells.

A number of clinical trials have studied hyperthermia in 
combination with radiotherapy and chemotherapy. These studies 
have focused on the treatm ent of several types of cancers such 
as sarcoma, melanoma, and cancers of the head and neck, brain, 
lung, esophagus, breast, and bladder. Many of these studies, but 
not all, have shown a significant reduction in the tumor volume 
when hyperthermia is combined with other treatm ents. However, 
not all of these studies have shown increased survival in the 
patient receiving the combined treatm ent. Treatm ent modalities 
of hyperthermia are generally local, regional, and whole-body 
hyperthermia. In local hyperthermia, heat is applied to a small 
area; different types of energy are used to apply heat, such 
as microwave, radiofrequency, and ultrasound. The external 
approach is used to tumors that are inside or ju st below the skin. 
External applications are positioned around the tumor to heat



the appropriate region, and energies are focused on the tumor 
to raise its temperature. The intraluminal method may used to 
treat the tumors within or near body cavity such as esophagus. 
Probes are placed inside the cavity and inserted into the tumor 
site to deliver heat energy. The interstitial method is used to 
treat tumors deep within the body, such as brain tumors. In 
regional hyperthermia, different approaches are used to heat 
large areas of tissues such as body cavity, organ, and limb. Whole- 
body hyperthermia is used to treat m etastatic cancers. This 
can be accompanied by several techniques that raise the body 
tem perature (1 0 7 -1 0 8 °F ), including the use of thermal chambers 
or hot water blanket.

The optothermal properties and biological targeting abilities 
of gold nanoparticles are much more promising in hyperthermic 
treatm ent. These features also make them a new-generation 
photothermal contrast agent for photothermal therapy. Another 
im portant feature o f GNPs is enhanced permeability and 
retention factor (EPR), which enables its use in hyperthermia. 
The EPR effect is the property by which a chemical agent/drug 
accumulates in the tumor tissue more than the normal tissue. 
Pissuwana et al. [20] reported the EPR effect of gold that can be 
used in the local application of heat. The sources for heating 
such as the infrared lamp, lasers, and ultrasound can be used in 
the process; however, there is the limitation of heat generation 
in the targeted region. GNPs induce sufficient heat to increase 
cellular damage via therm al effects.

GNPs absorb light in the visible spectrum with peak absorption 
at 530  nm. Killing of cells using laser light in the presence of GNPs 
has been reported in vitro [21]. Spherical gold nanoparticles 
absorb only UV and visible light; so they are a poor choice of 
heating for tissue, since the penetration of UV visible light in the 
tissue is limited. The optimal wavelength for tissue penetration 
is near infrared, i.e., 800  nm. Solid spherical GNPs do not absorb 
significantly at 800  nm. Treatm ent o f murine tumors [22] 
and subcutaneous tumors [23] with gold nanoshell and laser 
irradiation has been reported.

It is possible to achieve photothermal therapy by using 
spherical GNPs with pulse laser to the SPR absorption in the 
visible region for the treatm ent o f skin cancers [24]. Lin and 
co-workers have performed hyperthermic treatm ent on targeted
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lymphocyte cells using laser and gold nanospheres [25]. 
Lymphocytes incubated with GNPs conjugated with antibodies 
exposed to nanosecond laser pulses showed cell death with 100 
laser pulses at the energy of 0.5 J/cm2. GNPs (40 nm) were 
conjugated the with anti-EGFR antibodies and targeted toward 
human neck cancer cells, detected by dark field light scattering 
and surface plasmon absorption spectra on single cells. The GNP- 
induced cancer cell damage at 19 w/cm2 after the irradiation 
with Ar+ laser at 514  nm for 4 min, while heating cell do not 
show any loss of cell viability. The NIR photo thermal therapy 
both in vitro and in vivo was demonstrated by Hirsch et al 
(2003 ) using GNPs [26]. When breast carcinoma cell incubated 
with PEGylated gold nanoshells which unable absorption in the 
NIR region. Cells undergo irreversible photothermal damage after 
exposure to NIR light. The changes were observed coagulation, 
cell shrinking, loss of nuclear staining, tissue destruction, etc.

7.4 GNPs Targeted Therapy

Targeted drug therapy is an advanced drug therapy technique 
that delivers a certain amount of therapeutic agent for prolonged 
period to the targeted area within the body. This helps 
maintain the required plasma and tissue drug levels in the body. 
The delivery system is prepared by knowing specific features/ 
properties of targeted cells, transport carriers, or vehicles which 
convey the drug to specified receptor ligands. The system must be 
biochemically inert, non-immunogenic, and biophysically stable. 
The targeted drug delivery system is generally categorized as 
passive and active targeting delivery systems. In passive targeting, 
the accumulation of the drug or drug carrier system takes place 
at specific sites. In an active targeting system, specific ligand 
receptors are involved in drug delivery.

Different functional groups can be attached to gold 
nanoparticles such as thiol, peptides, and antibodies to increase 
therapeutic index. Conjugation of GNPs (14  nm) with thioglucose 
increases uptake in ovarian cancer cell lines after 8 -9 6  h [27]. 
Significant inhibition was observed relative to the control at 
5 -2 0  Gy. Cystamine and thioglucose coated with GNPs (15 nm) 
were studied in breast cancer cell lines [28]; cystamine-coated 
particles were taken up 3 -4  times more efficiently than glucose-



coated particles. Glucose-coated particles have increased 
radiosensitization than cystamine-coated particles. Larger-size 
GNPs (57 and 84  nm) were tested on HeLa cell lines. Equal uptake 
was noticed in both cases; however, unconjugated particles 
showed greater radiosensitization effect. In another report, 
PEGlyated and herceptin conjugated with 30 nm GNPs used for 
the study of uptake in MDA-MB 361 breast cancer tumor, where
11 Gy of 100  kVp image-guided X-ray irradiated was performed 
24  h after injection, resulted in 46%  reduction in tumor size 
compared with control experiment. No damage was noticed in 
normal cells. Folate was conjugated with gold nanorods (12.5 nm) 
and studied on MG 803 human gastric carcinoma cells, 60%  
decrease in cell viability was seen at 6 Gy X-ray irradiation relative 
to cells with gold nanorods.

A study by Daniel e t al. [29] reported cell culture and animal 
model o f GBM, where RT was performed along with PEGylated 
gold nanoparticles; GNPs significantly increased cellular DNA 
damage inflicted by IR in human GBM-derived cell lines and 
resulted in reduced clonogenic survival (with DER -1 .3 ). Combined 
GNPs and RT also increased DNA damage to brain blood vessels.

Therapeutic effect, apoptosis, and tumor volume were 
investigated using Arg-Gly-Asp-conjugated GNPs integrated with 
radioiodine-125 on NCl-H446 tumor-bearing mice via Tc-99m- 
Annexin V SPECT. Significant radiosensitization was observed 
in treated cells compared with non-treated cells [30]. Glucose- 
capped GNPs enhanced radiosensitivity in human prostate 
cancer cells. Glucose capped GNPs (Glu-GNPs) triggered cell 
cycle acceleration in the G0/G1 phase and restrained in the 
G2/M phase. In case of HeLa cell lines [31] and ovarian cancer [32], 
enhanced radiosensitivity was observed with Glu-GNPs [33].

7.5 Conclusions

Remarkable physicochemical properties and customizable 
surface o f gold nanoparticles make them an immensely potential 
candidate for cancer therapy. One of the im portant problems 
of nanoparticles is rapid excretion by the kidneys. The amount 
of gold required is more than 2 gm/kg of body weight, which is a 
large amount for human use. For achieving therapeutic levels 
using gold in tumor with less delivered total gold is needed.
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Optimization of size, shape, surface property, and targets of gold 
may improve circulation time and accumulation in the tumor. 
Studies indicate that GNRT requires substantial further 
investigation. It is needed to optimize the conjugated targeting 
agents (one or two) with GNPs, which accelerate therapeutic 
index. More studies are needed to optimize GNPs surface 
architecture, mechanisms of action of killing tumor cells and 
also need to see the m ore safe clinical applications.
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Chapter 8

The Combined Effect of Hyper-Gravity 
and Gamma-Irradiation on Physiology 
of Wheat Seedlings

S a n d h y a  S i n g h , S a g a r  S . J a g ta p , a n d  P a n d i t  B .  V i d y a s a g a r

Physics Department, S.P Pune University,
Ganeshkhind Road, Pune, Maharashtra, India

sandhya_c_singh@ yahoo.co.in

In  t h e  p a s t  c e n t u r y ,  t h e r e  h a s  b e e n  a  g r e a t  r i s e  in  v a r i o u s  s p a c e  

m i s s i o n s .  In  f u t u r e  t h e r e  w ill  b e  m a n y  m a n n e d  s p a c e  m i s s i o n s  

a n d  c o n s i d e r i n g  o u r  i n t e r e s t  in  s p a c e  c o l o n i z a t i o n ,  i t  is  r e q u i r e d  

t h a t  t h e s e  s p a c e  m i s s i o n s  h a v e  a  p r o v i s i o n  f o r  v a r i o u s  life  

s u p p o r t  s y s t e m s  f o r  c r e w  m e m b e r s .  C r o p  p l a n t s  c a n  p r o v i d e  

f o o d  f o r  c r e w  m e m b e r s ,  r e v i v e  t h e  a i r  b y  r e m o v i n g  C O 2 a n d  

p r o d u c i n g  O 2, a n d  p u r i f y  w a t e r  t h r o u g h  t r a n s p i r a t i o n .  H e n c e ,  i t  

is  r e q u i r e d  t o  s tu d y  t h e  p h y s i o l o g i c a l  r e s p o n s e  o f  v a r i o u s  c r o p s  

t o  a l t e r e d - g r a v i t y  a n d  r a d i a t i o n  e n v i r o n m e n t ,  s o  a s  t o  d e s ig n  

e f f i c i e n t  b i o r e g e n e r a t i v e  life  s u p p o r t  s y s t e m s .

8.1 Introduction
In  o r d e r  t o  s u s t a i n  life  in  s p a c e ,  m a n y  e x p e r i m e n t s  a n d  s p a c e  

p r o g r a m s  a r e  b e i n g  d e s i g n e d  a n d  i m p l e m e n t e d ,  s o  t h a t  w e  c o u l d  

u n d e r s t a n d  t h e  b e h a v i o r  o f  b i o l o g i c a l  s y s t e m s  in  s p a c e .  In  s p a c e
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f a r m in g , t h e  k e y  v a r i a b l e s  a r e  g r a v i t y  a n d  r a d i a t i o n s ;  h e n c e ,  t h e  

s t u d y  o f  t h e  p l a n t  b e h a v i o r  in  s u c h  c o n d i t i o n s  is  r e q u i r e d .  T h e r e  

a r e  m a n y  s t u d i e s  w h e r e  t h e  e f f e c ts  o f  h y p e r - g r a v i t y  o n  p l a n t s  

[ 1 4 ,  1 6 ,  2 0 - 2 4 ]  a n d  t h e  e f f e c t  o f  g a m m a  i r r a d i a t i o n  o n  d r y  s e e d s  

[ 1 ,  2 ,  4 ,  6 - 8 ,  1 5 ]  w e r e  s t u d i e d  in d iv id u a lly . A s  p e r  o u r  k n o w l e d g e ,  

v e r y  f e w  s t u d i e s  h a v e  b e e n  c a r r i e d  o u t  t o  s t u d y  t h e  c o m b i n e d  

e f f e c t  o f  a l t e r e d  g r a v i t y  a n d  r a d i a t i o n s  o n  p l a n t s ,  b u t  c o n s i d e r i n g  

t h e  c o n d i t i o n s  in  s p a c e ,  i t  is  m a n d a t o r y  t o  s t u d y  t h e  c o m b i n e d  

e f f e c t  o n  b i o lo g ic a l  s y s t e m s .  A ls o  m a n y  e x p e r i m e n t s  r e l a t e d  to  

g a m m a  i r r a d i a t i o n  e f f e c t s  o n  s e e d s  c a r r i e d  o u t  w e r e  d r y  b e f o r e  

i r r a d i a t i o n  a n d  t h e n  im b i b e d . H o w e v e r , J u n  K u m a g a i  [ 1 3 ]  s h o w e d  

t h a t  t h e  a m o u n t  o f  r a d i c a l  d o e s  n o t  d e c a y  f o r  s e v e r a l  m o n t h s  w h e n  

i r r a d i a t e d  s e e d s  a r e  k e p t  d r y  a t  r o o m  t e m p e r a t u r e ,  i t  i m m e d i a t e l y  

d e c r e a s e s  b y  a b s o r b i n g  w a t e r  f o r  o n e  d a y  a t  r o o m  t e m p e r a t u r e .  

A c tu a l  i r r a d i a t i o n  e f f e c t  o f  a  p a r t i c u l a r  d o s e  o n  s e e d s  c a n n o t  b e  

s t u d i e d  e f f ic ie n t ly  i f  t h e y  a r e  i r r a d i a t e d  a n d  t h e n  i m b i b e d  s i n c e  

t h e  w a t e r  o n  i m b i b i t io n  m a y  l o w e r  t h e  e f f e c t .  C o n s e q u e n t l y  

k e e p i n g  a ll  t h e s e  f a c t o r s  in  m i n d  t h e  c u r r e n t  s t u d y  w a s  p l a n n e d  

t o  s t u d y  t h e  c o m b i n e d  e f f e c t  o f  s h o r t - t e r m  h y p e r - g r a v i t y  a n d  

g a m m a - i r r a d i a t i o n  o n  w h e a t  s e e d l i n g s ,  a n d  t h e  r e s u l t s  o b t a i n e d  

w e r e  c o m p a r e d  t o  t h e  r e s u l t s  o f  e f f e c t  o f  s h o r t - t e r m  h y p e r ­

g r a v i t y  o n  w h e a t  s e e d l i n g s .  W h e a t  ( Triticum  aestivum  L .)  b e i n g  

a n  i m p o r t a n t  i n g r e d i e n t  in  o u r  d a i ly  f o o d  i n t a k e  w a s  s e l e c t e d  f o r  

t h e  c u r r e n t  s tu d y .

In  t h e  c u r r e n t  s tu d y , in i t i a l ly  t h e  i m b i b e d  s e e d s  w e r e  

e x p o s e d  t o  h y p e r - g r a v i t y  s t r e s s  ( r a n g i n g  f r o m  3 0 0 g  t o  1 5 0 0 g )  

a n d  g a m m a - i r r a d i a t i o n  ( d o s e  r a n g i n g  f r o m  2 0  G y - 1 0 0  G y )  

s e p a r a t e l y  a n d  a f t e r  e x p o s u r e  t h e s e  s e e d s  w e r e  g r o w n  in  n o r m a l  

c o n d i t i o n s .  T h e  r o o t  le n g t h ,  s h o o t  le n g t h ,  p e r c e n t a g e  s e e d  

g e r m i n a t i o n ,  f l u o r e s c e n c e  p a r a m e t e r s ,  a n d  t o t a l  p r o l i n e  c o n t e n t  

w e r e  o b s e r v e d  o n  t h e  5 t h  d a y  o f  t h e i r  g r o w t h .  L a t e r  o n , t h e  

i m b i b e d  s e e d s  w e r e  e x p o s e d  t o  b o t h  s t r e s s e s  ( c o m b i n e d  a s  h y p e r ­

g r a v i t y  ( 3 0 0 g - 1 5 0 0 g )  +  g a m m a - i r r a d i a t i o n  d o s e  o f  ( 4 0  G y ))  a n d  

s a m e  p a r a m e t e r s  w e r e  s tu d ie d . T h e  e x p e r i m e n t s  w e r e  c a r r i e d  

o u t  o n  i m b i b e d  s e e d s  b e c a u s e  b y  e x p o s i n g  t h e  i m b i b e d  s e e d s  to  

s h o r t - t e r m  h y p e r - g r a v i t y  o r  g a m m a - i r r a d i a t i o n  c r u c i a l  i n f o r m a t i o n  

c a n  b e  o b t a i n e d ,  s i n c e  s e v e r a l  b i o c h e m i c a l  r e a c t i o n s  a r e  t a k i n g  

p l a c e  a t  th is  s t a g e  a n d  t h e  s e e d  is  in  a  v e r y  a c t i v e  s t a t e  o f  

d e v e l o p m e n t .
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8.2 Materials and Methods

H e a l th y  w h e a t  s e e d s  ( L o k - 1  v a r i e t y )  w e r e  s e l e c t e d  a n d  s u r f a c e  

s t e r i l i z e d  b y  0 . 5 %  f u n g ic id e  a n d  w a s h e d  s e v e r a l  t i m e s  w i th  

d i s t i l l e d  w a t e r  b e f o r e  s o a k i n g  t h e m  in  d i s t i l l e d  w a t e r  f o r  2 4  h . 

A f t e r  e x p o s i n g  t h e s e  s e e d s  t o  v a r i o u s  t r e a t m e n t s  m e n t i o n e d  

b e lo w , t h e s e  s e e d s  w e r e  s o w e d  in  0 . 8 %  a g a r  g e l  a n d  g r o w t h  

p a r a m e t e r s  w e r e  s t u d i e d  o n  t h e  5 t h  d a y  o f  t h e i r  g r o w t h .  

S t a t i s t i c a l  a n a l y s is  s u c h  a s  s ig n i f i c a n c e  P - v a l u e  w a s  c a l c u l a t e d  

u s i n g  S t u d e n t 's  T - t e s t ,  a n d  s t a n d a r d  d e v i a t i o n  w a s  a l s o  c a l c u l a t e d .

8.2.1 Seed Selection

W h e a t  ( Triticum  aestivum  L .)  s e e d s  o f  t h e  v a r i e t y  L o k -1  w e r e  

s e l e c t e d  f o r  t h e  f o l lo w in g  s t u d i e s .  L o k -1  v a r i e t y  is  g r o w n  m a i n l y  

in  t h e  c e n t r a l  z o n e  o f  I n d i a .  I t  h a s  a  h ig h  y i e ld  p o t e n t i a l ,  g r e a t  

d i s e a s e  r e s i s t a n c e ,  g r a i n  q u a li ty , a n d  a d a p ta b il i t y .

8.2.2 Combined Hyper-Gravity and Gamma-Irradiation 
Treatment

P r e - s o a k e d  s e e d s  w e r e  p l a c e d  in  E p p e n d o r f  t u b e s  f i l le d  w i t h  1  m l  

( D / W )  a n d  e x p o s e d  t o  h y p e r - g r a v i t y  ( 3 0 0 g ,  6 0 0 g ,  9 0 0 g ,  1 2 0 0 g ,  

1 5 0 0 g )  u s in g  a  c e n t r i f u g e  ( S u p e r  s p in -R -V /F M , m a n u f a c t u r e d  

b y  P l a s t o  C r a f ts  I n d u s t r i e s  ( P )  L td , M u m b a i , I n d i a )  f o r  1 0  m in .  

T h e s e  s e e d s  w e r e  t h e n  p l a c e d  in  a  p o l y t h e n e  b a g  a n d  k e p t  in  a  

c h a m b e r  o f  g a m m a  r a d i a t i o n  s o u r c e  ( C O 6 0 )  w i t h  d o s e  r a t e  o f  

3 . 9 5  G y /m i n  a n d  i r r a d i a t e d  t o  t h e  d o s e  4 0  Gy. A f te r  t h e  e x p o s u r e  

t h e s e  s e e d s  w e r e  s o w n  in  0 . 8 %  a g a r  g e l  a n d  k e p t  in  a  p l a n t  

g r o w t h  c h a m b e r  u n d e r  c o n t r o l l e d  c o n d i t i o n s  ( t e m p e r a t u r e  2 5 ° C ,  

h u m i d i t y  5 5  ±  1 0 % ,  l i g h t  i n t e n s i t y  1 8  ^ m o l  m -2  s -1 )  f o r  5  d a y s .  

R e a d i n g s  w e r e  t a k e n  o n  t h e  5 t h  d a y  o f  t h e i r  g r o w t h .

8.2.3 Growth Parameters

P e r c e n t a g e  s e e d  g e r m i n a t i o n ,  r o o t  a n d  s h o o t  l e n g t h  o f  t h e  

w h e a t  s e e d l i n g s  w e r e  m e a s u r e d  o n  5 t h  d ay . T h e  r o o t  a n d  s h o o t  

l e n g t h s  w e r e  m e a s u r e d  u s i n g  a  r u l e r  w i t h  l e a s t  c o u n t  1  m m .



8.2.4 Fluorescence Parameters

L e a v e s  o f  5 - d a y - o l d  w h e a t  s e e d l i n g s  w e r e  d a r k  a d a p t e d  fo r

1 0  m in , a n d  t h e  f l u o r e s c e n c e  p a r a m e t e r s ;  t h e  r a t i o  F v / F m ,  w h ic h  

is  a  m e a s u r e m e n t  t h a t  r e p r e s e n t s  t h e  m a x i m u m  p o t e n t i a l  

q u a n t u m  e f f i c i e n c y  o f  P h o t o s y s t e m  II i f  a ll c a p a b l e  r e a c t i o n  

c e n t e r s  w e r e  o p e n ;  a n d  t h e  p e r f o r m a n c e  i n d e x  ( P I )  o f  l e a v e s ,  

w h i c h  is  a n  i n d i c a t o r  o f  s a m p l e  v i ta l i t y ,  w e r e  m e a s u r e d  u s i n g  a  

H a n d y  P E A  f l u o r i m e t e r  ( H a n s a t e c h ) .

8.2.5 Proline Content

F r e e  p r o l i n e  c o n t e n t  in  t h e  l e a v e s  w a s  d e t e r m i n e d  b y  u s i n g  t h e  

m e t h o d  d e s c r i b e d  b y  B a t e s  e t  a l. [ 9 ] .  L e a f  s a m p l e s  ( 0 . 1  g )  w e r e  

h o m o g e n i z e d  in  2  m L  o f  s u lf o s a ly c y l ic  a c i d  ( 3 % )  u s i n g  m o r t a r  

a n d  p e s t l e .  A b o u t  1  m L  o f  t h e  e x t r a c t  w a s  t a k e n  in  a  t e s t  tu b e  

a n d  to  i t  1  m L  o f  g l a c i a l  a c e t i c  a c i d  a n d  1  m L  o f  n i n h y d r in  

r e a g e n t  w e r e  a d d e d . T h e  r e a c t i o n  m i x t u r e  w a s  b o i l e d  in  a  w a t e r  

b a t h  a t  1 0 0 ° C  f o r  3 0  m in . A f t e r  c o o l i n g  t h e  r e a c t i o n  m i x t u r e ,  2  m L  

to l u e n e  w a s  a d d e d  a n d  t h e n  t r a n s f e r r e d  to  a  s e p a r a t i n g  f u n n e l.  

A f t e r  t h o r o u g h  m ix in g , t h e  c h r o m o p h o r e  c o n t a i n i n g  t o l u e n e  

w a s  s e p a r a t e d  a n d  a b s o r p t i o n  w a s  r e a d  a t  5 2 0  n m  o n  a  

s p e c t r o p h o t o m e t e r .  T o lu e n e  w a s  u s e d  a s  b la n k . C o n c e n t r a t i o n  o f  

p r o l i n e  w a s  e s t i m a t e d  b y  r e f e r r i n g  to  s t a n d a r d  c u r v e  o f  D -p r o lin e .

8.3 Results and Discussion

A s  c o m p a r e d  t o  c o n t r o l  t h e r e  w a s  a  g r a d u a l  d e c r e a s e  in  t h e  

g r o w t h  o f  t h e  w h e a t  s e e d l i n g s  w i t h  i n c r e a s e  in  t h e  h y p e r - g r a v i t y  

s t r e s s .  T h is  c a n  b e  c l e a r l y  s e e n  in  F ig . 8 .1 .
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Figure 8 .1  Growth of control and treated wheat seedlings on 5th day.
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8.3.1 Germination Percentage

Effect of hyper-gravity (3 0 0g -1500g ) and gamma irradiation 
(40 Gy) on germination percentage was observed on the 5th day 
of growth of wheat seedlings. It was observed that the germination 
percentage decreases with increase in hyper-gravity value 
(as shown in Fig. 8.2); the highest percentage germination was 
observed in control and continuous decrease in it was observed 
for higher hyper-gravity values. The relative percentage decrease 
in germination percentage in wheat seedlings exposed to doses 
(300g  + 40 Gy to 1500g  + 40 Gy) as compared to the control were 
16% , 34.6% , 37.64% , 61 .89% , 76.32% , respectively. The relative 
percentage decrease in germination percentage in only hyper­
gravity treatm ent was highest (38 .43% ) in 1500g  (data not 
shown), which is very less than combined irradiation and hyper­
gravity treatm ent.

0 300 600 900 1200 1500

Hypergravity(g)+Dose(40Gy)

Figure 8 .2  Germination percentage vs. hyper-gravity + gamma dose 
(40 Gy), (**) indicates P < 0.05 and (***) indicates P < 0.001.

8.3.2 Average Shoot Length

The effect of hyper-gravity (3 0 0g -1500g ) and gamma irradiation 
(40 Gy) on the shoot length was observed on the 5th day of 
growth of wheat seedlings. The average shoot length showed a
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d e c r e a s i n g  t r e n d  ( a s  s h o w n  in  F ig . 8 . 3 ) ,  w h e r e i n  t h e  h i g h e s t  v a l u e  

o f  t h e  s h o o t  le n g th  w a s  o b s e r v e d  in  t h e  c o n t r o l  a n d  t h e  l o w e s t  

v a l u e  o f  s h o o t  l e n g t h  w a s  o b s e r v e d  in  t h e  s e e d l i n g s  t h a t  w e r e  

e x p o s e d  t o  1 5 0 0 g  + 4 0  Gy. T h e  r e l a t i v e  p e r c e n t a g e  d e c r e a s e  in  

t h e  s h o o t  le n g th  in  w h e a t  s e e d l i n g s  e x p o s e d  to  d o s e s  f r o m  

( 3 0 0 g  + 4 0  G y t o  1 5 0 0 g  + 4 0  G y ) a s  c o m p a r e d  t o  c o n t r o l  w e r e  

1 7 . 7 9 % ,  3 8 . 4 8 % ,  4 9 . 8 8 % ,  5 9 . 4 2 % ,  a n d  5 3 . 9 5 % ,  r e s p e c t iv e l y .  

T h e  r e l a t i v e  p e r c e n t a g e  d e c r e a s e  in  s h o o t  le n g th  in  o n ly  h y p e r ­

g r a v i t y  t r e a t m e n t  w a s  h i g h e s t  ( 6 5 . 3 7 % )  in  1 5 0 0 g  ( d a t a  n o t  

s h o w n ) ,  w h ic h  is  c o m p a r a b l e  t o  t h e  c o m b i n e d  i r r a d i a t i o n  a n d  

h y p e r - g r a v i t y  t r e a t m e n t .
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Figure 8 .3  Average shoot length (cm) vs. hyper-gravity + gamma dose 
(40 Gy), (**) indicates P < 0.05 and (***) indicates P < 0.001.

8.3.3 Average Root Length

E f f e c t  o f  h y p e r - g r a v i t y  ( 3 0 0 g - 1 5 0 0 g )  a n d  g a m m a  i r r a d i a t i o n  

( 4 0  G y ) o n  t h e  r o o t  le n g t h  w a s  o b s e r v e d  o n  t h e  5 t h  d a y  o f  g r o w t h  

o f  w h e a t  s e e d l i n g s .  T h e  r o o t  le n g th  d e c r e a s e d  w i th  i n c r e a s e  

in  h y p e r - g r a v i t y  v a l u e  ( a s  s h o w n  in  F ig . 8 . 4 ) ;  t h e  h i g h e s t  v a l u e  

o f  t h e  r o o t  l e n g th  w a s  o b s e r v e d  in  t h e  c o n t r o l  a n d  t h e  l o w e s t  

v a l u e  o f  r o o t  l e n g th  w a s  o b s e r v e d  in  t h e  s e e d l i n g s  t h a t  w e r e  

e x p o s e d  t o  1 5 0 0  + 4 0  Gy. T h e  r e l a t i v e  p e r c e n t a g e  d e c r e a s e  in  

t h e  r o o t  l e n g t h  in  w h e a t  s e e d l i n g s  e x p o s e d  t o  d o s e s  ( 3 0 0 g  +  

4 0  G y t o  1 5 0 0 g  + 4 0  G y ) a s  c o m p a r e d  to  c o n t r o l  w e r e  3 3 . 3 3 % ,

T—  ■ I
Control 300g+l 600g+l 900g+l 1200g+l 1500g+l

Hypergravity+lrr{40Gy)
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55.51% , 68.24% , 84.55% , and 82.69% , respectively. The relative 
percentage decrease in root length in only hyper-gravity treatm ent 
was the highest (66 .98% ) in 1500g  (data not shown), which is 
very less compared to the combined irradiation and hyper-gravity 
treatm ent.

Hypergravity+lrr(40Gy)

Figure 8 .4  Average root length (cm) vs. hyper-gravity + gamma dose 
(40 Gy), (**) indicates P < 0.05 and (***) indicates P < 0.001.

8.3.4 Fluorescence Parameters

The effect of hyper-gravity (3 00g -1500g ) and gamma irradiation 
(40 Gy) on the ratio Fv/Fm and the performance index (PI) of 
leaves was observed on the 5th day of growth of wheat seedlings. 
Progressive decrease in PI with increasing g  value was observed. 
On the other hand, no significant decrease in Fv/Fm ratio values 
compared to the control was observed in all samples (as shown 
in Fig. 8.5a,b). The Fv/Fm ratio, which represents the maximum 
potential quantum efficiency of Photosystem II, did not differ 
much than the control, indicating that it may not be a sensitive 
param eter for stress [5]. On the other hand, the relative percentage 
decrease in performance index in wheat seedlings exposed 
to doses from (300g  + 40 Gy to 1500g  + 40 Gy) as compared to 
control was 16.88% , 23.37% , 26.62% , 25.97% , and 35.71% , 
respectively. The relative percentage decrease in performance 
index in only hyper-gravity treatm ent was highest (38 .44% ) in
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1500g  (data not shown) which is comparable to the combined 
irradiation and hyper-gravity treatm ent.
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Hypergravity(g)-Hrr<40Gy)
0 300 600 90S 1200 1500
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Figure 8 .5 (a) Perform ance index vs. hyper-gravity + gamma dose 
(40 Gy), (**) indicates P < 0.05 and (***) indicates P < 0.001.
(b) Fv/Fm vs. hyper gravity + gamma dose (4 0  Gy), (**) 
indicates P < 0.05 and (***) indicates P < 0.001.

8.3.5 Total Proline Content

The proline content extracted from leaves of the seedlings on 
5th day of their growth and it was observed that the total proline 
content gradually increased with increase in the gamma dose
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Figure 8 .6  Proline content (mg/g FW) vs. hyper-gravity + gamma dose 
(40 Gy), (**) indicates P < 0.05 and (***) indicates P < 0.001.
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w h e r e i n  h i g h e s t  p r o l i n e  c o n t e n t  w a s  o b s e r v e d  a t  9 0 0 g  +  4 0  G y  

d o s e  a n d  3 0 0 g  +  4 0  G y d o s e  h a d  l o w e s t  p r o l i n e  c o n t e n t  ( a s  s h o w n  

in  F i g .  8 . 6 ) .  T h e  r e l a t i v e  p e r c e n t a g e  d e c r e a s e  in  p r o l i n e  c o n t e n t  

in  3 0 0 g  +  4 0  G y c o m p a r e d  t o  c o n t r o l  w a s  1 8 %  a n d  t h e  r e l a t i v e  

p e r c e n t a g e  i n c r e a s e  in  p r o l i n e  c o n t e n t  in  ( 6 0 0 g  +  4 0  G y - 1 5 0 0 g  +  

4 0  G y ) d o s e s  c o m p a r e d  to  c o n t r o l  w e r e  9 . 7 % ,  6 2 . 2 4 % ,  5 4 . 8 7 %  

a n d  5 7 . 4 7 % ,  r e s p e c t i v e l y .  T h e  r e l a t i v e  p e r c e n t a g e  i n c r e a s e  in  

p r o l i n e  c o n t e n t  in  o n ly  h y p e r - g r a v i t y  t r e a t m e n t  w a s  t h e  h i g h e s t  

( 8 4 . 1 3 % )  in  1 2 0 0 g  ( d a t a  n o t  s h o w n ) ,  w h e r e a s  h i g h e s t  p r o l i n e  

c o n t e n t  w a s  o b s e r v e d  a t  9 0 0 g  +  4 0  G y ( 6 2 . 2 4 % )  in  t h e  c o m b i n e d  

h y p e r - g r a v i t y  a n d  g a m m a - i r r a d i a t i o n  t r e a t m e n t .

8.4 Conclusion

P r e v i o u s ly ,  t h e  e f f e c t  o f  t h e  g a m m a  i r r a d i a t i o n  t r e a t m e n t  ( d a t a  

n o t  s h o w n )  o n  w h e a t  s e e d l i n g s  a n d  t h e  e f f e c t  o f  t h e  s h o r t - t e r m  

h y p e r - g r a v i t y  t r e a t m e n t  o n  w h e a t  s e e d l i n g s  w e r e  s t u d i e d  ( d a t a  

n o t  s h o w n ) .  R e m a r k a b l e  r e s u l t s  w e r e  o b t a i n e d  in  b o t h  s t u d i e s ,  a n d  

t h i s  r a i s e d  a  q u e s t i o n  t h a t  i f  i m b i b e d  s e e d s  w e r e  e x p o s e d  t o  s h o r t ­

t e r m  h y p e r - g r a v i t y  s t r e s s  r a n g i n g  f r o m  3 0 0 g  t o  1 5 0 0 g  a n d  e a c h  

v a l u e  w a s  c o m b i n e d  w i t h  t h e  g a m m a  i r r a d i a t i o n  d o s e  o f  4 0  Gy, 

w h a t  t h e  r e s u l t a n t  e f f e c t  w o u l d  b e  o n  t h e  o v e r a l l  g r o w t h  o f  t h e  

w h e a t  s e e d l i n g s ,  c o n s e q u e n t l y  i n s p i r i n g  t h e  c u r r e n t  s tu d y .  

T h e  r e s u l t s  o f  t h e  c o m b i n e d  e f f e c t  o f  h y p e r - g r a v i t y  s t r e s s  r a n g i n g  

f r o m  3 0 0 g  t o  1 5 0 0 g  a n d  e a c h  s t r e s s  v a l u e  c o m b i n e d  w i t h  t h e  

g a m m a  i r r a d i a t i o n  d o s e  o f  4 0  G y s h o w e d  t h a t  i t  a f f e c t s  t h e  o v e r a l l  

g r o w t h ,  i .e .,  s h o o t  le n g th ,  r o o t  le n g th ,  a n d  a l s o  t h e  p h o t o s y n t h e t i c  

p r o c e s s  a s  i t  w a s  o b s e r v e d  t h a t  t h e r e  w a s  a  g r a d u a l  d e c r e a s e  

in  t h e  p e r f o r m a n c e  i n d e x  w i t h  i n c r e a s e  in  s t r e s s  v a l u e ,  a n d  i t  

is  k n o w n  t h a t  t h e  p e r f o r m a n c e  i n d e x  is  a n  i n d i c a t o r  o f  s a m p l e  

v i ta l i t y ,  t h u s  i n d i c a t i n g  t h a t  t h e  c o m b i n e d  t r e a t m e n t  a ls o  a f f e c ts  

t h e  p h o t o s y n t h e t i c  p r o c e s s  o f  w h e a t  s e e d l i n g s .  I t  w a s  a ls o  o b s e r v e d  

t h a t  in  t h i s  c a s e ,  t h e  r o o t  l e n g t h  p a r a m e t e r  w a s  a f f e c t e d  m o r e  t h a n  

t h e  s h o o t  l e n g t h  p a r a m e t e r ,  w h ic h  is  s i m i l a r  t o  t h e  r e s u l t s  o f  t h e  

g a m m a  i r r a d i a t i o n  t r e a t m e n t  ( d a t a  n o t  s h o w n ) ;  h o w e v e r ,  in  th is  

c a s e  t h e  r o o t  l e n g t h  w a s  a f f e c t e d  to  a  g r e a t e r  e x t e n t  c o m p a r e d  to  

o n ly  t h e  g a m m a  i r r a d i a t i o n  t r e a t m e n t ,  t h i s  s u p p o r t s  a  s t a t e m e n t  

c o m m e n t e d  b y  K ie f e r  a n d  P r o s s  [ 1 2 ]  t h a t  t h e  e f f e c t  o f  c o m b i n e d  

i n t e r a c t i o n s  o f  i r r a d i a t i o n  a n d  a l t e r e d  g r a v i t y  o n  p l a n t s  c a n  b e



c l a s s i f i e d  a s  a d d i t i v e ,  s y n e r g i s t i c ,  o r  a n t a g o n i s t i c .  T h u s ,  o b s e r v i n g  

t h e  r e s u l t s  o b t a i n e d  in  o u r  s tu d y , i t  c a n  b e  s a i d  t h a t  t h e  c o m b i n e d  

e f f e c t  o f  h y p e r - g r a v i t y  a n d  g a m m a  i r r a d i a t i o n  h a s  p r o v e d  t o  b e  

s y n e r g i s t i c  ( i n c r e a s e d  t h e  r a d i a t i o n  e f f e c t ) .  I t  w a s  a l s o  o b s e r v e d  

t h a t  t h e  p r o l i n e  c o n t e n t  i n c r e a s e d  w i t h  i n c r e a s e  in  t h e  s t r e s s  

v a l u e ;  h o w e v e r ,  i t  is  n o t e w o r t h y  t h a t  e v e n  i f  p r o l i n e  is  b e l i e v e d  to  

h e l p  t h e  p l a n t s  o v e r c o m e  s t r e s s ,  n o  i m p r o v e m e n t  w a s  o b s e r v e d  

in  t h e  g r o w t h  o f  t h e  w h e a t  s e e d l i n g s .  T h e  p o s s i b l e  r e a s o n  f o r  th is  

m i g h t  b e  t h e  i n c r e a s e d  s y n t h e s i s  o f  p r o l i n e  a n d  i t s  d e c r e a s e d  

d e g r a d a t i o n  u n d e r  t h e  s t r e s s  [ 1 7 ] .  S i m i la r  r e s u l t s  w e r e  o b t a i n e d  

b y  [ 3 ,  1 1 ] ,  w h o  s t u d i e d  p r o l i n e  c o n t e n t  u n d e r  s a l t  a n d  d r o u g h t  

s t r e s s .  I n t e r e s t i n g l y  c o n s i s t e n t  i n c r e a s e  in  t h e  p r o l i n e  c o n t e n t  

w a s  o n ly  o b s e r v e d  u n ti l  9 0 0 g  +  4 0  Gy, b u t  t h e  p r o l i n e  c o n t e n t  

d e t e r i o r a t e d  t h e r e a f t e r  f o r  h i g h e r  s t r e s s  v a l u e s .  O n e  p o s s i b l e  

r e a s o n  f o r  t h i s  c o u l d  b e  t h a t  in i t i a l ly  o n ly  t h e  d e g r a d a t i o n  p r o c e s s  

o f  p r o l i n e  w a s  a f f e c t e d ,  b u t  i n c r e a s i n g  t h e  s t r e s s  v a l u e  f u r t h e r  

in h i b i t e d  t h e  p r o l i n e  s y n t h e s i s  t o o .  T h e r e f o r e ,  f u r t h e r  i n v e s t i g a t i o n  

o f  t h e s e  r e s u l t s  c o u l d  p o s s i b l y  l e a d  u s  t o  u n d e r s t a n d i n g  t h e  

b i o s y n t h e s i s  a n d  d e g r a d a t i o n  o f  p r o l i n e ,  w h ic h  m a y  h e l p  u s  in  

u n d e r s t a n d i n g  t h e  r o l e  o f  p r o l i n e  in  s t r e s s  a n d  i t s  m e t a b o l i c  

im p l i c a t i o n s .

T h u s ,  t h e  c u r r e n t  r e s e a r c h  w a s  a n  a t t e m p t  to  c o n t r i b u t e  to  

t h e  s t u d y  o f  c o m b i n e d  e f f e c t  o f  a l t e r e d - g r a v i t y  a n d  r a d i a t i o n  o n  

p l a n t s ,  w h i c h  is  m o r e  s i m i l a r  t o  t h e  a c t u a l  c o n d i t i o n s  in  s p a c e .  

I t  is  i m p o r t a n t  to  c a r r y  o u t  s u c h  s t u d i e s  r a t h e r  t h a n  s t u d y i n g  

t h e  in d iv id u a l  e f f e c t s  a s  i t  m a y  n o t  g iv e  u s  d e s i r e d  o u t c o m e s ,  

s i n c e  w e  h a v e  a l r e a d y  s e e n  t h a t  t h e  c o m b i n e d  e f f e c t  w a s  m u c h  

m o r e  l e t h a l  t o  t h e  g r o w t h  o f  w h e a t  s e e d l i n g s  a n d  a ls o  i t s  

e f f i c i e n c y  o f  o v e r c o m i n g  t h e  s t r e s s  w a s  d e c r e a s e d  to  a  g r e a t e r  

e x t e n t .  T h u s ,  i t  is  e s s e n t i a l  t o  c a r r y  o u t  s u c h  s t u d i e s  in  o r d e r  to  

p l a n  t h e  f u t u r e  s p a c e  p r o g r a m s  m o r e  p r o f ic ie n tly .

Acknowledgments

T h e  a u t h o r s  a r e  g r a t e f u l  t o  t h e  B o a r d  o f  C o lle g e  a n d  U n iv e r s i t y  

D e v e l o p m e n t  (B C U D ), S a v i t r ib a i  P h u le  P u n e  U n iv e r s i ty , P u n e  

4 1 1 0 0 7 ,  M a h a r a s h t r a ,  I n d ia , a n d  t h e  I n d i a n  S p a c e  R e s e a r c h  

O r g a n i z a t i o n  (IS R O ), I n d ia , f o r  t h e  f in a n c i a l  s u p p o r t .

170 I Combined Effect o f Hyper-Gravity and Gamma-Irradiation on Wheat Seedlings



References 171

References

1. D eh p ou r, A. A., G h olam p o u r, M., R ah d ary , P., Jafari, M. R., M o h am m ad , 

S., an d  H am di, M. ( 2 0 1 1 ) .  E ffect o f  g a m m a  irra d ia tio n  a n d  sa lt  

s tr e s s  o n  g e rm in a tio n , ca llu s, p ro te in  a n d  p ro lin e  in r ic e  (O ry za  

sa tiv a  L.) D e te rm in a tio n  o f  p ro lin e  c o n te n t. pp. 2 5 1 - 2 5 6 .

2 . B o rz o u e i, A., Kafi, M., K h azaei, H., N aeriy an , B ., an d  M ajd ab ad i, 

A. ( 2 0 1 0 ) .  E ffects  o f  g a m m a  ra d ia tio n  o n  g e rm in a tio n  an d  

p h y sio lo g ica l a s p e c ts  o f  w h e a t. Pak. J. Bot., 4 2 ( 4 ) ,  pp. 2 2 8 1 - 2 2 9 0 .

3 . D elauney , A. J., an d  V erm a, D. P. S. ( 1 9 9 3 ) .  P ro lin e  b io sy n th e sis  

a n d  o s m o re g u la tio n  in p lan ts . Plant J., 4 ,  pp. 2 1 5 - 2 2 3 .

4 . K iong, A. L. P., Lai, A. G., H u ssein , S., a n d  H aru n , A. R. ( 2 0 0 8 ) .  

P h y sio lo g ica l r e sp o n s e s  o f  O rth o sip h o n  s ta m in e u s  p la n tle ts  to  

g a m m a  irra d ia tio n . Am. Eurasian J. Sustain. Agric., 2 ( 2 ) ,  pp. 1 3 5 - 1 4 9 .

5 . S tirb e t, A., a n d  G ovin djee ( 2 0 1 1 ) .  On th e  re la tio n  b e tw e e n  th e  

K au tsk y  e ffe c t (ch lo ro p h y ll a  f lu o re s c e n c e  in d u ctio n ) an d  

P h o to sy s te m  II: B a sics  a n d  a p p lica tio n s  o f  th e  OJIP f lu o re s ce n ce  

tr a n s ie n t. J. Photochem. Photobiol. B Biol., 1 0 4 ( 1 - 2 ) ,  pp. 2 3 6 - 5 7 .

6 . T a b a su m , A., C h eem a, A. A. L. I., H a m e e d , A., R ash id , M., an d  

A sh raf, M. ( 2 0 1 1 ) .  R ad io  se n s itiv ity  o f  r ic e  g e n o ty p e s  to  g a m m a  

ra d ia tio n s  b a s e d  o n  se e d lin g  tr a its  a n d  p h y sio lo g ica l in d ices., 

4 3 ( 2 ) ,  pp. 1 2 1 1 - 1 2 2 2 .

7 . B a lo ch , A. W ., S o o m ro , A. M., B u gh io , H. R., B u gh io , M. S., M o h am m ed , 

T., a n d  M astoi, N. ( 2 0 0 4 ) .  G am m a irra d ia tio n  in d u ced  ch lo ro p h y ll  

m u ta tio n s  in r ic e  (O ry z a  sa tiv a  L .). J. Agric., 2 ,  pp. 2 5 7 - 2 6 1 .

8 . A k sh a th a , an d  C h an d rash ek ar, K. R. ( 2 0 1 3 ) .  E ffect o f  g a m m a  

irra d ia tio n  o n  g e rm in a tio n  g ro w th  an d  b io c h e m ic a l p a r a m e te rs  

o f  P te ro c a r p u s  sa n ta lin u s , a n  e n d a n g e re d  sp e c ie s  o f  E a s te r n  

G hats. 3 ( 2 ) ,  pp. 2 6 6 - 2 7 0 .

9 . B a te s , L. S., W a ld re n , R. P., a n d  T e a re  L. D. ( 1 9 7 3 ) .  R ap id  d e te rm in a tio n  

o f  f re e  p ro lin e  fo r w a te r  s tr e s s  s tu d ie s . Plant Soil, 3 9 :  2 0 5 - 2 0 7 .

1 0 . A rn o n , D. I. ( 1 9 4 9 ) .  C o p p er e n z y m e  p o ly p h e n o lo x id e s  in iso la ted  

ch lo ro p la s t  in B e ta  v u lg a ris . Plant Physiol., 2 4 :  1 - 1 5 .

1 1 . B o h n e rt , H. J., a n d  Je n se n , R. G. ( 1 9 9 6 ) .  S tra te g ie s  fo r e n g in e e rin g  

w a te r  s tr e s s  to le ra n c e  in p lan ts . Trends Biotechnoi., 1 4 ,  pp. 8 9 - 9 7 .

1 2 . K iefer, J., a n d  P ro s s , H. D. ( 1 9 9 9 ) .  S p a ce  ra d ia tio n  e ffects  an d  

m icro g ra v ity . Mutat. Res., 4 3 0 ( 2 ) ,  pp. 2 9 9 - 3 0 5 .

1 3 . K u m agai, J., K ato h , H., K u m ad a, T., T an ak a, A., T an o, S., an d  

M iyazaki, T. ( 2 0 0 0 ) .  S tro n g  r e s is ta n c e  o f  A rab id o p sis  th a lia n a



a n d  R ap h an u s sa tiv u s  se e d s  fo r io n izin g  ra d ia tio n  as  s tu d ie d  by  

ESR, ENDOR, ESE s p e c tr o s c o p y  a n d  g e rm in a tio n  m e a su re m e n t:  

E ffe ct o f  lo n g -liv ed  an d  su p e r-lo n g -liv e d  ra d ica ls . Radiat. Phys. 
Chem., 5 7 ,  pp. 7 5 - 8 3 .

1 4 . K ozek o, L., a n d  K ord y u m , E. ( 2 0 0 9 ) .  E ffect o f  h y p e rg ra v ity  o n  th e  

lev el o f  h e a t sh o ck  p ro te in s  7 0  a n d  9 0  in p e a  seed lin g s. Microgravity 
Sci. Technol., 2 1 ,  pp. 1 7 5 - 1 7 8 .

1 5 . R ah im i, M. M., a n d  B a h ra n i, A. ( 2 0 1 1 ) .  In flu en ce  o f  g a m m a  irra d ia tio n  

on s o m e  p h y sio lo g ical c h a r a c te r is t ic s  a n d  g ra in  p ro te in  in w h e a t  

(Triticum aestivum L ), 1 5 ( 5 ) ,  pp. 6 5 4 - 6 5 9 .

1 6 . S earb y , N. D., S tee le , C. R., an d  G lobus, R. K. ( 2 0 0 5 ) .  In flu en ce  o f  

in cre a s e d  m e ch a n ic a l lo a d in g  b y  h y p e rg ra v ity  o n  th e  m ic ro tu b u le  

c y to sk e le to n  a n d  p ro sta g la n d in  E 2  re le a s e  in p r im a ry  o s te o b la s ts . 

Am. J. Physiol. Cell Physiol., 2 8 9 ( 1 ) ,  pp. C 1 4 8 - C 1 5 8 .

1 7 . K avi K ish o r PB , S a n g a m  S, A m ru th  RN, Sri L axm i P, N aidu KR, R ao  

KRSS, R ed d y  KJSR, T h e ria p p a n  P, S reen iv asu lu  N. R eg u la tio n  o f  

p ro lin e  b io sy n th e s is , d e g ra d a tio n , u p ta k e  a n d  t r a n s p o r t  in h ig h e r  

p la n ts : its im p lica tio n s  in p la n t g ro w th  a n d  a b io tic  s tr e s s  to le ra n c e .  

Curr. Sci. 2 0 0 5 ;  8 8 :  4 2 4 - 3 8 .

1 8 . H are , P. D., a n d  C ress, W. A. ( 1 9 9 7 ) .  M etab o lic  im p lica tio n s  o f  

s tre ss -in d u ce d  p ro lin e  a c cu m u la tio n  in p la n ts . Plant Growth Regul., 
2 1 ( 2 ) ,  p p . 7 9 - 1 0 2 .

1 9 . P o rr a , R. J., T h o m p so n , W. A., a n d  K ried m an n , P. E. ( 1 9 8 9 ) .  

D e te rm in a tio n  o f  a c c u ra te  e x tin c tio n  co e ffic ie n ts  a n d  s im u lta n e o u s  

eq u a tio n  for a s sa y in g  ch lo ro p h y lls  a  a n d  b e x tr a c te d  w ith  fou r  

d iffe re n t so lv en ts : V e rifica tio n  o f  th e  c o n c e n tra t io n  o f ch lo ro p h y ll  

s ta n d a rd s  b y  a to m ic  a b s o r p tio n  s p e c tro sco p y . Biochim. Biophys. 
Acta, 9 7 5 ,  pp. 3 8 4 - 3 9 4 .

2 0 .  B ab b ick , R., D ijk stra , M., L ark in , O. J., A n th on y, P., D avey, M. R., 

P o w er, J. B., L o w e, K. C., C o go li-G reu ter, M., a n d  H am p p , R. ( 2 0 0 6 ) .  

E x p re s s io n  o f  tr a n s c r ip tio n  fa c to rs  a f te r  s h o r t- te r m  e x p o su re  o f  

A ra b id o p sis  th a lia n a  c e ll-cu ltu re s  to  h y p e r-g ra v ity  a n d  sim u lated  

m ic ro g ra v ity  (2 -D /3 -D  c lin o ro ta tio n , m a g n e tic  le v ita tio n ). Adv. 
Space Res., 3 9 ,  pp. 1 1 8 2 - 1 1 8 9 .

2 1 .  S o ga , K., W a k ab ay ash i, K., K am isak a , S., an d  H o sto n , T. ( 2 0 0 7 ) .  

E ffects  o f  h y p e rg ra v ity  o n  e x p re s s io n  o f  XTH  g e n e s  in azu k i b e a n  

ep ico ty ls . Physiol. Plant, 1 3 1 ,  pp. 3 3 2 - 3 4 0 .

2 2 .  Y o sh io k a, T. R., Soga, K., W a k a b a y a sh i, K., T ak eb a, G., a n d  H o sto n , 

T. ( 2 0 0 3 ) .  H y p e rg ra v ity  in d u ced  ch a n g e s  in g e n e  e x p re s s io n  in 

A ra b id o p sis  h y p o co ty ls . Adv. Space Res., 3 1 ,  pp. 2 1 8 7 - 2 1 9 3 .

172 I Combined Effect o f Hyper-Gravity and Gamma-Irradiation on Wheat Seedlings



References 173

2 3 .  V id y asag ar, P. B ., Ja g ta p , S. S., D ixit, J. P., K am b le , S. M., a n d  D h epe, 

A. P. ( 2 0 1 4 ) .  E ffects  o f  s h o r t - te r m  h y p e rg ra v ity  e x p o su re  on  

g e rm in a tio n , g ro w th  an d  p h o to sy n th e s is  o f  Triticum aestivum L. 

Microgravity Sci. Technoi., 2 6 ,  3 7 5 - 3 8 4 .  d o i : 1 0 .1 0 0 7 / s 1 2 2 1 7 - 0 1 4 -  

9 4 0 0 - 2 .

2 4 .  V id y asag ar, P., Ja g ta p , S., N irh ali, A., B h a s k a ra n , S., a n d  H ase , V. 

( 2 0 0 8 ) .  E ffects  o f  h y p e rg ra v ity  o n  th e  ch lo ro p h y ll c o n te n t  an d  

g ro w th  o f  r o o t  a n d  s h o o t d u rin g  d e v e lo p m e n t in r ic e  p lan ts. 

Photosynthesis. Energy from  the Sun: 14th International Congress on 
Photosynthesis (p p . 1 5 9 9 - 1 6 0 2 ) .



http://taylorandfrancis.com


Chapter 9

The Study of the Effect of UV-C Radiation 
on the Current-Voltage Characteristics 
of Chitosan Membranes

N i N y o m a n  R u p ia s ih ,a,b M a d e  S u m a d i y a s a ,a a n d  P u t u  E r i k a  W i n a s r i a

aDepartment o f  Physics, Faculty o f  Mathematics and Natural Sciences,
Udayana University, Bali, Indonesia
bGroup Research o f  Material Sciences: Polymer and Biomaterial,
Faculty o f  Mathematics and Natural Sciences,
Udayana University, Bali, Indonesia

rupiasih@gmail.com

T h is  c h a p t e r  p r e s e n t s  a  s t u d y  in  w h i c h  t h e  e f f e c t  o f  U V -C  r a d i a t i o n  

o n  t h e  c h a r a c t e r i s t i c s  o f  t h e  c u r r e n t - v o l t a g e  ( I - V )  c u r v e  in  a  

c h i t o s a n  m e m b r a n e  w a s  s tu d ie d . T h e  m e m b r a n e  u s e d  w a s  

c h i t o s a n  m e m b r a n e  2 % .  I r r a d i a t i o n  w a s  d o n e  a t  a m b i e n t  

t e m p e r a t u r e  in  a i r  m e d i a .  T h e  m e m b r a n e s  w e r e  i r r a d i a t e d  f o r  

s h o r t  t i m e  i n t e r v a l s ,  e .g ., 1 0 ,  2 0 ,  4 0 ,  a n d  6 0  m in , a n d  s o m e  o f  t h e m  

w e r e  k e p t  w i t h o u t  i r r a d i a t i o n ,  w h i c h  w e r e  u s e d  a s  a  c o n t r o l .  T h e  

io n  t r a n s p o r t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  u s i n g  a  c e l l  m e m b r a n e  

m o d e l  t h a t  w a s  c o m p o s e d  o f  t w o  c o m p a r t m e n t s .  T h e  e l e c t r o l y t e  

s o l u t i o n  u s e d  w a s  N aC l w i t h  c o n c e n t r a t i o n s  o f  0 .1  a n d  1 0  m M  

a n d  t h e  a p p l i e d  c u r r e n t s  w e r e  1 9 - 2 4  |iA w i t h  i n c r e m e n t  o f

0 . 5  |iA. T h e  p o t e n t i a l  d i f f e r e n c e  w a s  m e a s u r e d  u s i n g  a  p a i r  o f  

A c t iv o n  A E P  c a l o m e l  e l e c t r o d e s .  A ll m e a s u r e m e n t s  w e r e  c o n d u c t e d
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a t  r o o m  t e m p e r a t u r e .  T h e  r e s u l t s  o b t a i n e d  t h a t  t h e  c u r r e n t - v o l t a g e  

c u r v e s  o f  b o t h  g r o u p s ,  i .e ., c o n t r o l  a n d  i r r a d i a t e d  m e m b r a n e s ,  

s h o w e d  t h e  o h m i c  b e h a v i o r  ( r e g i o n  I ). T h e  i n c r e a s i n g  e x p o s u r e  

t i m e  c a u s e d  a n  i n c r e a s e  in  p o t e n t i a l  d i f f e r e n c e  a c r o s s  t h e  

m e m b r a n e ,  w h i c h  l e d  t o  a  d e c r e a s e  in  t h e  m e m b r a n e  c o n d u c t i v i ty .  

I t  a l s o  d e c r e a s e d  t h e  w a t e r  u p t a k e  c a p a b i l i t y  o f  t h e  m e m b r a n e .  

T h e  r e s u l t s  i n d i c a t e  t h a t  a  v e r y  s h o r t  U V -C  i r r a d i a t i o n  ( 1 0  m i n )  w a s  

a b l e  t o  c h a n g e  t h e  i o n i c  t r a n s p o r t  p r o p e r t i e s  a n d  t h e  w a t e r  u p t a k e  

o f  c h i t o s a n  m e m b r a n e ,  w h i c h  i n c r e a s e d  w i t h  i n c r e a s e  in  t i m e .

9.1 Introduction

C h i to s a n  is  a  b i o p o l y m e r  d e r i v e d  b y  d e a c e t y l a t i o n  o f  c h i t in .  

C h itin  is  a n  a b u n d a n t  b i o p o l y m e r  o b t a i n e d  m a i n l y  f r o m  s h e ll f i s h  

s u c h  a s  s h r i m p s ,  c r a b s ,  a n d  p r a w n  w a s t e  a s  a  b y p r o d u c t  o f  t h e  

s e a f o o d  in d u s t r y .  D u e  to  t h e  a m i n e  ( - N H 2)  a n d  h y d r o x y l  ( - O H - )  

g r o u p s  in  i t s  s t r u c t u r e ,  w h i c h  f u n c t i o n  a s  l i g a n d s ,  c h i t o s a n  is  

a  c h e l a t i n g  p o l y m e r  w i t h  e x c e l l e n t  a d s o r p t i o n  c a p a c i t i e s  f o r  a  

n u m b e r  o f  m e t a l  i o n s  [ 1 - 4 ] .  T h o s e  g r o u p s  a l s o  a c t  a s  p o t e n t i a l  

s i t e s ,  w h e r e  i n t e r m o l e c u l a r  i n t e r a c t i o n s  o r  m o d i f i c a t i o n s  in  t h e  

c h e m i c a l  f u n c t i o n a l i t y  t a k e  p l a c e .  C h i to s a n  is  a l s o  c h a r a c t e r i z e d  

b y  b e i n g  c a t i o n i c ,  b i o c o m p a t i b l e ,  a n d  a n t i b a c t e r i a l .  T h e s e  

c h a r a c t e r i s t i c s  o f  c h i t o s a n  h a v e  b e e n  w i d e l y  e x p l o r e d  in  d i f f e r e n t  

p r o c e s s e s  a n d  a p p l i c a t i o n s ,  s u c h  a s  m e t a l  c o m p l e x a t i o n ,  e n z y m e  

im m o b i l i z a t i o n ,  c o n t r o l l e d  d r u g  r e l e a s e ,  a n d  s o r p t i o n  p h e n o m e n a  

[ 4 ] .  C h i to s a n  m e m b r a n e s  h a v e  b e e n  u s e d  f o r  a c t i v e  t r a n s p o r t  o f  

c h l o r i d e  i o n s  in  a q u e o u s  s o lu t io n .  T h e  o t h e r  a p p l i c a t i o n s  a r e  a s  

a  c a r r i e r  a n d / o r  a  s e l e c t i v e  b a r r i e r  c o n t r o l l i n g  t h e  t r a n s p o r t  r a t e  

o f  t h e  s u b s t a n c e s  i n v o l v e d  [ 2 ] .  C h i to s a n  is  r e a d i l y  c o n v e r t e d  to  

f ib e r s ,  m e m b r a n e s ,  c o a t i n g s ,  p o w d e r s ,  a n d  s o l u t i o n s ,  f u r t h e r  

e n h a n c i n g  i t s  u s e f u l n e s s  [2 ,  5 ] .

T h e  n u m e r o u s  m e m b r a n e s  h a v e  b e e n  d e v e l o p e d  f o r  u s e  in  

r e v e r s e  o s m o s i s ,  n a n o f i l t r a t i o n ,  u l t r a f i l t r a t i o n ,  m i c r o f i l t r a t i o n ,  

p e r v a p o r a t i o n  s e p a r a t i o n ,  a n d  e l e c t r o d i a l y s i s  a n d  in  m e d i c a l  

u s e  s u c h  a s  a r t i f i c i a l  k i d n e y  [ 6 ] .  A m o n g  t h e s e  m e m b r a n e s ,  io n -  

e x c h a n g e  m e m b r a n e s  a r e  o n e  o f  t h e  a d v a n c e d  s e p a r a t i o n  

m e m b r a n e s .  I t  h a s  b e e n  u s e d  n o t  o n ly  a s  e l e c t r o d i a l y s i s  

c o n c e n t r a t i o n  o r  d e s a l t i n g  o f  s o l u t i o n s ,  d i f f u s io n  d ia ly s is  to  

r e c o v e r  a c i d s  a n d  e l e c t r o l y s i s  o f  s o d i u m  c h l o r i d e  s o l u t i o n  b u t  a ls o  

in  v a r i o u s  f ie ld s  a s  a  p o l y m e r i c  f ilm  h a v i n g  i o n i c  g r o u p s  [7 ] .
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T h e  i o n - e x c h a n g e  m e m b r a n e s  a r e  c l a s s i f i e d  i n t o  a n i o n -  

e x c h a n g e  m e m b r a n e s  (A E M ) a n d  c a t i o n - e x c h a n g e  m e m b r a n e s  

(C E M ) d e p e n d i n g  o n  t h e  t y p e  o f  i o n i c  g r o u p s  a t t a c h e d  t o  t h e  

m e m b r a n e  m a t r i x  [ 6 ,  8 ,  9 ] .  C a t i o n - e x c h a n g e  m e m b r a n e s  c o n t a i n  

n e g a t i v e l y  c h a r g e d  g r o u p s  f ix e d  t o  t h e  m e m b r a n e  b a c k b o n e  a n d  

a l l o w  t h e  p a s s a g e  o f  c a t i o n s  b u t  r e j e c t  a n i o n s ,  w h e r e a s  a n i o n -  

e x c h a n g e  m e m b r a n e s  c o n t a i n  p o s i t i v e l y  c h a r g e d  g r o u p s  f ix e d  to  

t h e  m e m b r a n e  b a c k b o n e  a n d  a l l o w  t h e  p a s s a g e  o f  a n i o n s  b u t  r e j e c t  

c a t i o n s .

A  m e t h o d  f r e q u e n t l y  u s e d  t o  c h a r a c t e r i z e  t h e  t r a n s p o r t  

p r o p e r t i e s  o f  i o n - e x c h a n g e  m e m b r a n e s  is  t o  s t u d y  t h e  I -V  c u r v e s  

c o r r e s p o n d i n g  t o  t h e  m e m b r a n e  s y s t e m . T h e  c u r r e n t - v o l t a g e  

c u r v e  u s u a l ly  r e f l e c t s  t h e  e l e c t r i c  p r o p e r t y  o f  t h e  m e m b r a n e  

a n d  p r o v i d e d  i n f o r m a t i o n  a b o u t  t h e  t r a n s p o r t  m e c h a n i s m  o f  

i o n s ,  i n c l u d i n g  c o n c e n t r a t i o n  p o l a r i z a t i o n  [9 ,  1 0 ] .  W h e n  t h e  

e l e c t r i c  c u r r e n t  p a s s e s  t h r o u g h  a  m e m b r a n e  s y s t e m , t h e  c u r r e n t  

f lo w s  in  t h e  s o l u t i o n  t h r o u g h  c a t i o n s  a n d  a n i o n s ,  w h e r e a s  in  t h e  

m e m b r a n e  c u r r e n t  f lo w s  m a i n l y  b y  c o u n t e r i o n s .  T h e  d i f f e r e n c e s  

b e t w e e n  t h e  m o b i l i t y  o f  t h e  c o u n t e r i o n  in  t h e  m e m b r a n e  a n d  

t h a t  in  t h e  s o l u t i o n  p h a s e  l e a d  to  a  d e p l e t i o n  in  t h e  e l e c t r o l y t e  

c o n c e n t r a t i o n  o n  t h e  m e m b r a n e  s u r f a c e .  A s  a  c o n s e q u e n c e ,  a  

c o n c e n t r a t i o n  g r a d i e n t  d e v e l o p s  in  t h e  t h i n  f ilm  t h a t  a d j o in s  

t h e  m e m b r a n e  s u r f a c e s ,  c a l l e d  a  c o n c e n t r a t i o n  p o l a r i z a t i o n  

p h e n o m e n o n .  T h e  c u r r e n t - v o l t a g e  c u r v e  o f  a n  i o n - e x c h a n g e  

m e m b r a n e  h a s  a  c h a r a c t e r i s t i c  s h a p e ,  w h ic h  s h o w s  t h r e e  r e g i o n s  

(F ig . 9 . 1 )  [ 9 ,  1 0 ] .  T h e  f i r s t  r e g i o n  ( R e g i o n  I ) is  t h e  o h m i c  r e g i o n ,  

w h e r e  t h e  c u r r e n t  d e n s i t y  is  r e l a t e d  to  t h e  e l e c t r i c a l  p o t e n t i a l  

d i f f e r e n c e  r u l e d  b y  O h m ’s  la w . T h e  r e s i s t a n c e  o f  t h e  s y s t e m  

c o u l d  b e  a p p r o x i m a t e l y  a t t r i b u t e d  to  i o n i c  t r a n s p o r t  i n t o  t h e  i o n -  

e x c h a n g e  m e m b r a n e  (f tohm) .  T h is  r e g i o n  o b s e r v e d  a t  l o w  c u r r e n t  

d e n s ity .  T h e  s e c o n d  r e g i o n  (R e g i o n  II) is  l i m i t in g  c u r r e n t  r e g i o n ,  

w h e r e  c u r r e n t  d e n s i t y  v a r i e s  v e r y  s lo w ly  w i t h  t h e  p o t e n t i a l  to  

f o r m  a  p s e u d o - p l a t e a u .  T h is  i s  t h e  r e g i o n  o f  t h e  l i m it in g  c u r r e n t  

d e n s i t y  (L C D ). T h e  l i m it in g  c u r r e n t  d e n s i t y  is  t h e  c u r r e n t  n e e d e d  

t o  t r a n s f e r  a ll t h e  e x i s t i n g  io n s .  In  a c c o r d a n c e  w i t h  t h e  

c o n c e n t r a t i o n  p o l a r i z a t i o n  th e o r y ,  t h e  l i m it in g  c u r r e n t  v a l u e  c a n  

g iv e  i n f o r m a t i o n  a b o u t  t h e  t h i c k n e s s  o f  t h e  d if f u s io n  b o u n d a r y  

la y e r , t h e  d if f u s io n  c o e f f i c i e n t ,  o r  t h e  c a t i o n  t r a n s p o r t  n u m b e r  

in  t h e  m e m b r a n e .  T h e  t h i r d  r e g i o n  ( R e g i o n  III ) is  t h e  

e l e c t r o c o n v e c t i o n  r e g i o n ,  w h e r e  t h e  s l o p e  o f  t h e  c u r r e n t -



potential curve increases again (Rec); Rec is the R value of the 
third region, which is usually lower than that in region I. According 
to the classical theory of concentration polarization, currents 
larger than the LCD may not be expected but in practice, 
overlimiting currents (third region III) can exist. The shape of the 
current-voltage curve in an ion-exchange membrane varies with 
the external conditions, such as concentration, flow rate, and the 
physicochemical conditions of the membrane surface [9, 10].
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Figure 9 .1  Typical current-voltage (I-V) curve of a cation-exchange 
mem brane showing the ohmic region (Region I), limiting 
current regions (Region II) and an overlimiting current 
(Region III) [9, 10].

Some studies about the structural modifications in chitosan- 
based systems induced by UV irradiation have been reported
[4]. In chitosan films exposed to low-intensity UV lamps, 
measurements of the static contact angle have revealed an 
enhancem ent in the surface energy with the exposure time [11]. 
This behavior has been related with the increase of the surface 
polarity of films caused by the scission of glycosidic bonds and 
pyranose rings during the photo-oxidation process [12, 13]. UV 
effects have also been studied on polymeric blends containing 
chitosan, where a significant reduction of UV sensitivity has 
been observed. However, chitosan-based blends show a lowering 
of the mechanical properties upon UV irradiation when 
compared with pure chitosan films [14 -16 ].
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A lt h o u g h  t h e  e f f e c t s  o f  U V  i r r a d i a t i o n  o n  t h e  p h y s ic a l  

p r o p e r t i e s  o f  p u r e  c h i t o s a n  f i lm s  a n d  c h i t o s a n - b a s e d  p o l y m e r i c  

b l e n d s  h a v e  b e e n  w i d e l y  i n v e s t i g a t e d ,  t h e  e f f e c t s  o f  U V -C  r a d i a t i o n  

o n  t h e  io n  t r a n s p o r t  p r o p e r t i e s  o f  c h i t o s a n  m e m b r a n e  h a v e  n o t  

b e e n  e x p l o r e d  y e t .  In  t h e  p r e s e n t  w o r k ,  w e  s t u d y  t h e  I - V  c u r v e s  

c h a r a c t e r i s t i c  o f  c h i t o s a n  m e m b r a n e s .  T h e  w a t e r  u p t a k e  p r o p e r t i e s  

o f  t h e m  w e r e  a l s o  r e p o r t e d .  T h e  c u r r e n t - v o l t a g e  c u r v e s  f o r  

d i f f e r e n t  c o n c e n t r a t i o n s  o f  e l e c t r o l y t e  s o l u t i o n  w e r e  o b t a i n e d  

u n d e r  t h e  s a m e  e x p e r i m e n t a l  c o n d i t i o n s .

9.2 Materials and Methods

9.2.1 Materials

C h i to s a n  ( s h r i m p - b a s e d  p r o d u c t )  u s e d  a r e  in  t h e  f o r m  o f  p o w d e r  

w i t h  p r o p e r t i e s  o f  d e g r e e  o f  d e a c e t y l a t i o n  8 7 . 4 % ,  s o lu b i l i ty  in  

a c e t i c  a c i d  is  9 9 . 4 % ,  v i s c o s i t y  o f  6 6 3 , 0 0 0  c p s  a n d  a v e r a g e  m o l e c u l a r  

w e i g h t  o f  9 0 0 , 0 0 0  g / m o l .  A c e t i c  a c i d  a n d  s o d i u m  h y d r o x i d e  p .a .  

w e r e  a n a l y t i c a l  g r a d e  a n d  w e r e  u s e d  w i t h o u t  f u r t h e r  p u r i f i c a t i o n .

9.2.2 Preparation of Chitosan Membranes

T h e  c h i t o s a n  m e m b r a n e s  w e r e  p r e p a r e d  b y  t h e  e v a p o r a t i o n  o f  

s o l v e n t  f r o m  t h e  c a s t i n g  s o lu t io n .  T h e  p r e p a r a t i o n  c o n s i s t e d  

o f  d i s s o l v in g  c h i t o s a n  in  a c e t i c  a c i d  1 %  ( v / v )  s o l u t i o n  w i th  

2 %  w t  c h i t o s a n  c o n c e n t r a t i o n .  T h e  s o l u t i o n  w a s  f i l t e r e d  in  o r d e r  

t o  r e m o v e  u n d i s s o l v e d  c h i t o s a n  a n d  d e b r i s  a n d  c a s t  o n  a  g l a s s  

p l a t e  s i z e d  o f  1 8 . 5  c m  x  2 4 . 0  c m . A f te r  d r y i n g  a t  r o o m  

t e m p e r a t u r e  f o r  6  d a y s ,  t h e  m e m b r a n e s  w e r e  i m m e r s e d  in  1  M 

N aO H  f o r  1 2  m i n  f o r  n e u t r a l i z a t i o n .  T h e y  w e r e  t h e n  w a s h e d  

in t e n s i v e l y  w i t h  d i s t i l l e d  w a t e r  t o  c o m p l e t e l y  r e m o v e  N aO H  

a n d  d r i e d  a t  r o o m  t e m p e r a t u r e  a g a i n .  F in a lly , i t  o b t a i n e d  d r y  

c h i t o s a n  m e m b r a n e s ,  w h i c h  a r e  r e a d y  t o  c h a r a c t e r i z e  o r  u s e .

9.2.3 Current-Voltage Measurement

T h e  io n  t r a n s p o r t  e x p e r i m e n t s  w e r e  c a r r i e d  o u t  in  a  c e ll  

m e m b r a n e  m o d e l  c o m p o s e d  o f  t w o  c o m p a r t m e n t s ,  a n d  t h e  

a p p l i e d  c u r r e n t s  w e r e  1 9 - 2 4  |iA w i t h  i n c r e m e n t  o f  0 .5  |iA. T h e  

e l e c t r o l y t e  s o l u t i o n  u s e d  w a s  N aC l w i t h  c o n c e n t r a t i o n s  o f  0 .1



a n d  1 0  m M . T h e  m e m b r a n e  w a s  p l a c e d  i n  a  c i r c u l a r  h o l e  

b e t w e e n  t h e  c o m p a r t m e n t s ,  F ig . 9 .2 .  B o t h  c o m p a r t m e n t s  w e r e  

f i l le d  w i t h  e q u a l  v o l u m e  ( 1 3  m L )  o f  s o lu t io n . T h e  e f f e c t iv e  a r e a  

o f  t h e  m e m b r a n e  w a s  1 . 7 7  c m 2. T h e  p o t e n t i a l  d i f f e r e n c e  

a c r o s s  t h e  m e m b r a n e  w a s  m e a s u r e d  b y  u s i n g  t w o  c a l o m e l  

e l e c t r o d e s .
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Figu re  9 .2  Schem atic diagram of a tw o-com partm ent cell used in 
current-voltage m easurem ents. Two platinum electrodes are 
connected to potentio/galvanostat and two calomel electrodes 
to the m ultim eter to m easure the m em brane potential.

T h e  e l e c t r i c a l  c u r r e n t  w a s  s u p p l i e d  b y  a  p o t e n t i o s t a t  

c o n n e c t e d  b y  o n e  p a i r  o f  p l a t i n u m  e l e c t r o d e s .  T h e  m e m b r a n e s  

w e r e  i r r a d i a t e d  f o r  1 0 ,  2 0 ,  4 0 ,  a n d  6 0  m in , a n d  a  f e w  o f  t h e m  

w e r e  k e p t  w i t h o u t  i r r a d i a t i o n ,  w h i c h  w e r e  u s e d  a s  a  c o n t r o l .  

F u r t h e r ,  t h e  c o n t r o l  a n d  i r r a d i a t e d  m e m b r a n e s  w e r e  n a m e d  

M 0 , M 1 0 ,  M 2 0 ,  M 4 0 ,  a n d  M 6 0 ,  r e s p e c t i v e l y .  A ll t h e  m e a s u r e m e n t s  

w e r e  c o n d u c t e d  a t  r o o m  t e m p e r a t u r e  o f  ±  2 8 .8 ° C .

9.2.4 Water Uptake by the Membranes

T h e  s a m p l e  m e m b r a n e s  w e r e  c u t  in  1  c m 2 s i z e  a n d  d r i e d  in  

v a c u u m  a t  r o o m  t e m p e r a t u r e  f o r  6  d a y s . T h e  d r y  w e i g h t  o f  t h e  

m e m b r a n e  ( W dry)  w a s  i m m e d i a t e l y  m e a s u r e d .  A f t e r  d r y  w e i g h i n g ,  

t h e y  w e r e  k e p t  in  a  b e a k e r  w i t h  5 0  m L  o f  d i s t i l l e d  w a t e r  a t  

r o o m  t e m p e r a t u r e  f o r  2 4  h . T h e n  t h e  m e m b r a n e  w a s  t a k e n  o u t  

a n d  t h e  e x c e s s  w a t e r  w a s  r e m o v e d  f r o m  t h e  s u r f a c e  o f  t h e

Platinum
electrod e Calom el

e lectrod e
Calom el
electrod e

Platinum
electrod e

M em brane
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m e m b r a n e  w i t h  a  f i l te r  p a p e r .  T h e  w e i g h t  o f  a  w e t  m e m b r a n e  

(W wet) w a s  m e a s u r e d .  T h e  w a t e r  u p t a k e  b y  t h e  m e m b r a n e  w a s  

c a l c u l a t e d  u s i n g  t h e  f o l lo w in g  f o r m u l a  [3 ,  1 7 ,  1 8 ] :

W  -  W
W a t e r  u p t a k e  ( % )  = — — -------------------------------------------------------- — x 1 0 0 %  ( 9 . 1 )

W dry

9.3 Results and Discussion

9.3.1 Characteristics of Current-Voltage Curves

F i g u r e s  9 .3  a n d  9 . 4  s h o w  th e  I - V  c u r v e s  o b t a i n e d  f o r  t h e  c h i t o s a n  

m e m b r a n e s  c o n t r o l  ( M 0 )  a n d  w i th  U V -C i r r a d i a t i o n ,  M 1 0 ,  M 2 0 ,  

M 4 0 , a n d  M 6 0 ,  in  c o n t a c t  w i th  N aC l s o lu t io n  w i th  c o n c e n t r a t i o n s  

o f  C 1 :C 2  o f  0 .1  m M :0 .1  m M  a n d  1 0  m M :0 .1  m M , r e s p e c t iv e ly .  

F i g u r e  9 .3  s h o w s  t h a t  t h e  c u r r e n t - v o l t a g e  c u r v e  o f  e a c h  c h i t o s a n  

m e m b r a n e  is  l i n e a r  a n d  o h m i c  ( r e g i o n  I ) , w h e r e  th e  c u r r e n t  

d e n s i t y  is  r e l a t e d  to  th e  e l e c t r i c a l  p o t e n t i a l  d i f f e r e n c e  g o v e r n e d  

b y  O h m ’s  law . T h e  h i g h e r  t h e  a p p l ie d  c u r r e n t  to  th e  s y s te m , th e  

h i g h e r  t h e  p o t e n t i a l  d i f f e r e n c e  ( v o l t a g e )  e x i s t  a t  t h e  m e m b r a n e .  

T h is  m e a n s  th e  r e s i s t a n c e  o f  s y s t e m  (R ohm) c o u l d  b e  a t t r i b u t e d  to  

io n ic  t r a n s p o r t  in  t h e  a n i o n - e x c h a n g e  m e m b r a n e .  In  o u r  s tu d y , 

t h e  c u r r e n t - v o l t a g e  c u r v e s  o b t a i n e d  d id  n o t  s h o w  r e g i o n s  II a n d  III, 

t h e  t y p i c a l  th e  c u r r e n t - v o l t a g e  c u r v e s  o f  a n  i o n - e x c h a n g e  m e m b r a n e ,

w h i c h c a n b e H i v i H e H i n t o t h r e e r e g i o n s a s s h o w n i n F i g 9  2

Membrane potential (V)

Figure 9 .3  The current-voltage curves of chitosan mem branes, M0, 
M10, M20, M40, and M60, in contact with NaCl solution 
with concentrations of C1 and C2 of 0.1 mM:0.1 mM.
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Membrane potential (V)

Figure 9 .4  The current-voltage curve of chitosan m em branes, M0, 
M 10, M 20, M 40, and M 60, in contact with NaCl solution with 
difference concentrations of C1 and C2 of 10 mM :0.1 mM.

The similar patterns obtained in Fig. 9.4, the current- 
voltage curves of each chitosan m embrane is linear and ohmic 
(region I). However, the distribution of the data is fluctuating 
compared with the data presented in Fig. 9.3, especially for those 
m embranes that have been irradiated with UV-C. This might 
indicated that some defects have occurred on the irradiated 
membrane.

9.4 Conductance of Membranes

Figure 9.5 shows the conductance of m embranes in both 
environments, i.e., in NaCl solution with concentrations o f C1 
and C2 (C1:C2) of 0.1 mM:0.1 mM and 10 mM:0.1 mM, respectively. 
It shows that UV-C radiation has lowered the conductance of 
chitosan membranes, which decreases its ability to transport 
ions in an electrolyte solution. An exception on M40 has been 
obtained in a solution of NaCl with C1:C2 of 10 mM:0.1 mM, where 
conductance increased. The figure also shows that the conductance 
of the membranes in the NaCl solution with concentrations 
of 10 mM:0.1 mM is greater than that in 0.1 mM:0.1 mM. 
This result shows that the difference of concentrations of the 
solution in both compartments acted as other driving forces, 
which increased the driving force in the ionic transport processes.
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M em branes

Figure 9 . 5  The conductance of chitosan m em branes, M0, M10, M20, 
M40, and M60, in contact with NaCl solution with concentra­
tions of C1 and C2 of 0.1 mM :0.1 mM and 10 mM :0.1 mM.

9.4.1 Water Uptake by Chitosan Membranes

Biomaterials are usually used in an aqueous environment; so 
the water uptake capability is an im portant property of 
biomaterials. Figure 9.6 shows the water uptake capability of all 
chitosan membranes, control (M0) and UV-C irradiated: M10, 
M20, M40, and M60. It was found that the water uptake capability 
of the membranes decreases with increasing time of UV-C 
exposure from 0 to 60 min. These results clearly indicate that 
UV-C radiation greatly lowers the water uptake capability of 
the membranes and they tend to be hydrophobic.

M e m b ra n e s

Figure 9 . 6  The percentage of w ater uptake of chitosan mem branes, 
M0, M10, M20, M40, and M60.
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9.5 Conclusion

T h e  e f f e c t  o f  U V -C  r a d i a t i o n  o n  t h e  i o n i c  t r a n s p o r t  p r o p e r t i e s  o f  

c h i t o s a n  m e m b r a n e  h a s  b e e n  o b s e r v e d  f r o m  I-V  m e a s u r e m e n t s .  

T h e  r e s u l t s  c l e a r l y  s h o w e d  t h a t  t h e  c u r r e n t - v o l t a g e  c u r v e s  o f  

b o t h  g r o u p s  o f  m e m b r a n e s ,  i .e .,  c o n t r o l  ( M 0 )  a n d  i r r a d i a t e d  

( M 1 0 ,  M 2 0 ,  M 4 0 ,  a n d  M 6 0 )  s h o w e d  t h e  o h m i c  b e h a v i o r  ( r e g i o n  I). 

I n c r e a s i n g  t h e  t i m e  o f  U V -C  e x p o s u r e  f r o m  0  to  6 0  m i n  c a u s e d  

a  d e c r e a s e  in  c o n d u c t i v i t y  a n d  t h e  w a t e r  u p t a k e  c a p a b i l i t y  o f  

t h e  m e m b r a n e s .  T h e  s t u d y  d e m o n s t r a t e d  t h a t  t h e  i o n i c  t r a n s p o r t  

a n d  t h e  w a t e r  u p t a k e  c a p a b i l i t y  o f  c h i t o s a n  m e m b r a n e s  w e r e  

a f f e c t e d  b y  U V -C  i r r a d i a t i o n  w i t h i n  v e r y  s h o r t  t i m e  o f  e x p o s u r e  

(i .e . ,  1 0  m i n ) .  T h is  o b s e r v a t i o n  s u g g e s t e d  t h a t  m o r e  c a r e  s h o u ld  

b e  t a k e n  d u r i n g  t h e  s t e r i l i z a t i o n  p r o c e s s e s  a n d  o u t d o o r  u s e  o f  

t h e  m e m b r a n e .
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Chapter 10

Investigating Effects of Radiation Due 
to Cell Phones on Health Parameters 
of Youngsters during Continuous 
Conversation
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T h e  c o n t i n u a l l y  i n c r e a s i n g  i n t e n s i t y  o f  t h e  in v is ib le  e l e c t r o m a g n e t i c  

r a d i a t i o n  d u e  t o  c e l l  p h o n e s  a f f e c t s  h u m a n  life  in  m a n y  w a y s .  

B a s e  t r a n s m i s s i o n  t o w e r s  e r e c t e d  f o r  t h e  b e t t e r  c o v e r a g e  o f  

s ig n a ls  e m i t  r a d i a t i o n  f r e q u e n t ly ,  w h i c h  h a s  u n f a v o r a b l e  o u t c o m e s .  

E s p e c i a l l y  t h e  y o u n g e r  g e n e r a t i o n  is  m o r e  a n d  m o r e  a d d i c t e d  

t o  p h o n e s  a n d  u s e  t h e m  w h ile  ta l k in g , l i s t e n i n g  t o  m u s i c ,  

d o w n l o a d i n g ,  p l a y in g  g a m e s ,  a n d  u s in g  v a r i o u s  s o f t w a r e  

a p p l i c a t i o n s .

In  t h e  p r e s e n t  s tu d y , 5 0  h e a l t h y  a n d  y o u n g  s t u d e n t s  

w e r e  s e l e c t e d  t o  o b s e r v e  v a r i a t i o n  in  h e a l t h  p a r a m e t e r s .  T h e s e  

o b s e r v a t i o n s  w e r e  n o t e d  u s in g  M u l t ip a r a  C a d d o  1 9  B i n s t r u m e n t ,  

w h e n  t h e  v o l u n t e e r s  w e r e  e x p o s e d  t o  r a d i a t i o n  e m i t t e d  b y  t h e
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c e l l  p h o n e  w h e n  t h e  v o l u n t e e r s  c o m m u n i c a t e d  c o n s t a n t l y  w i th  

t h e i r  f r ie n d s .  T h e s e  o b s e r v a t i o n s  w e r e  c o m p a r e d  w i t h  t h e  

c o n t r o l .  T h e  c h a n g e s  in  b l o o d  p r e s s u r e ,  r e s p i r a t i o n  r a t e ,  a n d  

p e r c e n t a g e  o f  s a t u r a t e d  o x y g e n  in  t h e  b l o o d  w e r e  n o t  s t a t i s t i c a l l y  

s i g n i f i c a n t  e v e n  a f t e r  m o b i l e  c o m m u n i c a t i o n  f o r  2 0  m in . H o w e v e r ,  

c h a n g e s  in  t h e  h e a r t  r a t e  a f t e r  1 0  m in  e x p o s u r e  w e r e  a t  t h e  

t h r e s h o l d  o f  s ig n i f i c a n c e  (p  = 0 . 0 5 4 4 )  a n d  b e c a m e  s t r o n g l y  

s i g n i f i c a n t  (p  = 0 . 0 0 2 7 )  a f t e r  m o b i l e  c o m m u n i c a t i o n  f o r  2 0  m in .

10.1 Introduction

I n v e s t i g a t i o n s  c o n c e r n i n g  e l e c t r o m a g n e t i c  e n e r g y  c a n  b e  d i v id e d  

i n t o  t h r e e  m a j o r  c a t e g o r i e s  b a s e d  o n  t h e  s o u r c e s .  T h e  f i r s t  

c a t e g o r y  is  i n c l u d e s  e l e c t r o m a g n e t i c  f ie ld s  p r o d u c e d  b y  e l e c t r i c i t y  

c i r c u l a t i o n  s y s t e m ,  e l e c t r i c  c i r c u i t s  u s e d  in  c o m p u t e r s ,  t e l e v i s i o n ,  

m i c r o w a v e  o v e n s ,  c e l l  p h o n e s ,  a n d  w i r e l e s s  c o m m u n i c a t i o n  

t o w e r s  s y s t e m s .  T h e s e  f ie ld s  a r e  c a n  b e  c a l l e d  t e c h n o  f ie ld s .  

M o r e o v e r ,  h u m a n  b e i n g s  a r e  f a c i n g  e l e c t r o m a g n e t i c  r a d i a t i o n  

f r o m  n a t u r a l  s o u r c e s  s u c h  a s  t h e  s u n  a n d  t h e  r e s t  o f  t h e  u n iv e r s e .  

T h e s e  f ie ld s  a r e  c a l l e d  g e o f ie l d s .  T h e y  e x i s t  in  n a t u r e .  T h e y  a r e  

u n p r e d i c t a b l e  d u e  t o  t h e i r  c h a r a c t e r i s t i c s  o f  f l u c t u a t i o n s  s u c h  a s  

e r u p t i o n  d u r i n g  s o l a r  e c l ip s e .  T h e y  a r e  c y c l i c  in  n a t u r e .  T h e y  a r e  

a s  d u e  t o  d i u r n a l  a n d  s e a s o n a l  c h a n g e s .  A ls o , t h e y  a r e  r e l a t i v e l y  

s t a b l e  lik e  t h e  e a r t h 's  m a g n e t i c  f ie ld . T h e  i o n o s p h e r e  r e f l e c t s  

a ll  t h e  r a d i a t i o n  p a s s i n g  t h r o u g h  it ,  in c l u d in g  r a d i o  w a v e s ,  w h ic h  

p l a y  a  v i t a l  r o l e  in  t h e  c o m m u n i c a t i o n .  T h e  t h i r d  f ie ld  is  r e l a t e d  

t o  t h e  h u m a n  b o d y . I t  is  t h e  f ie ld  c r e a t e d  b y  a ll  l iv in g  b e i n g s  

d u r i n g  m e t a b o l i c  a c t i v i t y  in  t h e  b o d y  a n d , h e n c e ,  is  c a l l e d  

b io f ie ld s . T h e  e l e c t r i c i t y  p r o d u c e d  w i th i n  b o d y — b i o e l e c t r i c i t y -  

is  a  b io f ie ld . I t  is  d u e  t o  t h e  c o n c e n t r a t i o n  g r a d i e n t  g e n e r a t e d  

a c r o s s  t h e  m e m b r a n e  o f  t h e  c e ll.

T h e r e  a r e  n u m b e r  o f  d e v i c e s  t h a t  h a v e  b e c o m e  a n  e s s e n t i a l  

p a r t  o f  o u r  l iv e s . M o d e r n  c o m m u n i c a t i o n s  d e v i c e s ,  m e d i c a l  

d e v i c e s ,  m e d i c a l  e q u i p m e n t ,  a n d  e l e c t r i c a l  d e v i c e s  a r e  c o m m o n l y  

u s e d  d e v i c e s .  I t  is  n o t  p o s s i b l e  t o  i m a g i n e  life  w i t h o u t  t h e m .  

T h e  w o r k i n g  o f  t h e s e  d e v i c e s  is  b a s e d  o n  t h e  p r i n c i p l e s  o f  

e l e c t r i c i t y  a n d  m a g n e t i s m .  M a n y  d e v i c e s  e m p l o y  e l e c t r o m a g n e t i c  

r a d i a t i o n  f o r  t h e i r  f u n c t i o n i n g . A ll l iv in g  th i n g s  o n  t h e  e a r t h  

u l t i m a t e l y  d e p e n d  o n  t h e  e l e c t r o m a g n e t i c  r a d i a t i o n  r e c e i v e d
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f r o m  t h e  s u n . T h e  m a i n  s o u r c e  o f  e n e r g y  is  t h e  s u n . W e  u s e  

v a r i o u s  f o r m s  o f  t h e  s o l a r  e n e r g y .  W i n d  e n e r g y  a l s o  d e p e n d s  o n  

s o l a r  r a d i a t i o n .  S o l a r  e n e r g y  is  u t i l i z e d  b y  p l a n t s  a n d  a n i m a l  to  

p r e p a r e  t h e i r  f o o d .

T h e  c o n v e r s i o n  o f  s o l a r  e n e r g y  t o  f o o d  b y  p h o t o s y n t h e s i s  

in  p l a n t s — t h e  b a s i c  s t e p  in  t h e  f o o d  c h a i n — d e p e n d s  o n  

e l e c t r o m a g n e t i c  r a d i a t i o n .  T h e  p r o c e s s  b e g in s  w i t h  t h e  a b s o r p t i o n  

o f  s o l a r  e n e r g y  b y  p h o t o s y n t h e t i c  p i g m e n t s  s u c h  c h lo r o p h y l l  a , 

c h l o r o p h y l l  b , a n d  c a r e t o n o i d .  T h e s e  p i g m e n t s  a b s o r b  p h o t o n s  

in  t h e  r a d i a t i o n  a n d  i n i t i a t e  t h e  f o o d  c h a in .  G r e e n  p l a n t s  a r e  

r e c e p t i v e  t o  t h e  s o l a r  r a d i a t i o n  a s  t h e y  c o n t a i n  c h l o r o p h y l l s  in  

l a r g e  q u a n t i t i e s .  T h e  l i g h t  in  f o r m  o f  r a d i a t i o n  is  a b s o r b e d  b y  

t h e  c h l o r o p h y l l  p i g m e n t  in  t h e  l e a v e s  a n d  p r o d u c e s  f o o d s t u f f  

n e c e s s a r y  f o r  t h e  g r o w t h  o f  a  p l a n t .

S o la r  s p e c t r u m  c o m p r i s e s  v i s i b le  p o r t i o n  o f  a  w i d e  r a n g e  

o f  f r e q u e n c i e s .  B a s ic a l ly , a ll  t h e  e n e r g y  r e s e r v o i r s  in  t h e  u n i v e r s e  

a r e  s t o r e d  f o r m s  o f  t h e  e n e r g y  r e c e i v e d  f r o m  t h e  s u n  f o r  m il l i o n s  

o f  y e a r s .  E l e c t r o m a g n e t i c  r a d i a t i o n s  c o n t a i n  v a r i o u s  e n e r g i e s  

in  t h e  f o r m  o f  w a v e s  t r a v e r s i n g  t h r o u g h  s p a c e  w i t h  t h e  v e l o c i t y  

o f  3  x  1 0 8 m / s .  T h e y  in c l u d e  r a d i o  w a v e s ,  m i c r o w a v e s ,  v is ib le ,  

u l t r a v i o l e t  r a y s ,  a n d  g a m m a  r a y s .  T h e  f r e q u e n c y  o f  w a v e s  

d i f f e r e n t i a t e s  t h e s e  c l a s s e s  o f  r a d i a t i o n .

O u r  life  i s  d e p e n d e n t  o n  n o n - n a t u r a l  e l e c t r o m a g n e t i c  r a d i a t i o n  

(E M R ) , t o o .  F o l lo w in g  a r e  a  f e w  e x a m p l e s  o f  t h e  a p p l i c a t i o n s  o f  

s u c h  e l e c t r o m a g n e t i c  r a d i a t i o n :

• w a r m i n g  o f  f o o d  a  m i c r o w a v e  o v e n

• u s e  o f  r a d a r  w a v e s  to  g u id e  a i r c r a f t ;  r a d a r  w a v e s  a r e  r e f l e c t e d  

f r o m  t h e  a i r c r a f t  a n d  a g a i n  r e c e i v e d  b y  t h e  r e c e i v e r  in  t h e  

r a d a r  s y s t e m

• b r o a d c a s t i n g  o f  a ll r a d i o  s t a t i o n s  a n d  T V  s t a t i o n s

• a u t o m a t i c  s e l f - f o c u s i n g  c a m e r a s

• c e l l  p h o n e  c o m m u n i c a t i o n s

• r a d i a t i o n  e m i t t e d  b y  c e l l  t o w e r s

• r a d i a t i o n  g e n e r a t e d  b y  m e d i c a l  d e v i c e s  in  r a d i o  t h e r a p y

• r a d i a t i o n  g e n e r a t e d  in  i m a g i n g  t e c h n i q u e s  s u c h  a s  X - r a y  

r a d i o g r a p h y ,  c o m p u t e r  t o m o g r a p h y ,  e tc .

• r a d i a t i o n  e m i t t e d  b y  s t r a y  l i g h t

• r a d i a t i o n  d u e  t o  e l e c t r i c i t y  p o w e r  l i n e s



• v a r i o u s  e l e c t r i c a l  a p p l i a n c e s  s u c h  a s  r e f r i g e r a t o r ,  h o t  p l a te ,  

h e a t e r  r a d i o ,  c o m p u t e r s ,  l a p t o p s ,  a n d  W i - F i

U l t r a v i o l e t  r a d i a t i o n  c a n n o t  b e  s e e n  b y  e y e s ,  b u t  i t s  e f f e c t  

c a n  b e  h a r m f u l .  T h e  s a m e  is  t h e  c a s e  o f  X - r a y s ,  w h ic h  p l a y  a n  

i m p o r t a n t  r o l e  in  d i a g n o s i s  a n d  t r e a t m e n t  in  m e d i c i n e .  X - r a y s  

a l l o w  p h y s i c i a n s  t o  e x a m i n e  t h e  i n n e r  o r g a n s  o f  t h e  b o d y , a n d  

a n y  d i s o r d e r  in  t h e  f u n c t i o n i n g  c a n  b e  i n t e r p r e t e d .  T h e  e x p o s u r e  

t o  X - r a y s  is  k e p t  t o  a  m i n i m u m  t o  a v o id  h a z a r d s  o f  t h e  in v is ib le  

a n d  h i g h - e n e r g y  r a d i a t i o n .

E l e c t r o m a g n e t i c  r a d i a t i o n  h a s  a  n o t i c e a b l e  e f f e c t  o n  liv in g  

t h i n g s  o n  t h e  e a r t h  a n d  in  t h e  s p a c e .  A  v a r i e t y  o f  d e v i c e s  a r e  

u s e d  in  c o m m u n i c a t i o n ,  m e d i c i n e ,  a n d  a p p l i c a t i o n s  b a s e d  o n  

e l e c t r i c i t y .  D u e  to  d i v e r s e  a p p l i c a t i o n s ,  t h e y  b e c o m e  v i t a l  p a r t s  o f  

t h e  d a i ly  life . W e  a r e  b e c o m i n g  m o r e  a n d  m o r e  d e p e n d e n t  o n  t h e  

c o m m u n i c a t i o n s  t e c h n o lo g y .  T h e  g l o b e  is  g o i n g  t o  b e  f l o o d e d  

w i t h  e l e c t r o m a g n e t i c  r a d i a t i o n  in  t h e  f r e q u e n c y  r a n g e  5 0  H z to

2  G H z. T h e  t e c h n o f i e l d  c a t e g o r y  in c l u d e s  e l e c t r o m a g n e t i c  f ie ld s  

p r o d u c e d  b y  t h e  e l e c t r i c i t y  c i r c u l a t i o n  s y s t e m , e l e c t r i c  c i r c u i t s  

u s e d  in  c o m p u t e r s ,  te l e v i s i o n ,  m i c r o w a v e  o v e n s ,  c e l l  p h o n e s ,  a n d  

w i r e l e s s  c o m m u n i c a t i o n  t o w e r s  s y s t e m s .

E l e c t r o m a g n e t i c  r a d i a t i o n s  c a n  b e  c l a s s i f i e d  i n t o  io n iz i n g  a n d  

n o n - i o n i z i n g  r a d i a t i o n .  I o n i z in g  r a d i a t i o n  h a s  t h e  c a p a b i l i t y  to  

i o n i z e  a n d  b r e a k  t h e  c o v a l e n t  b o n d s  in  a t o m s .  E l e c t r o m a g n e t i c  

r a d i a t i o n  h a s  s u f f i c i e n t  e n e r g y  t o  r e m o v e  t h e  e l e c t r o n s  in  t h e  

o u t e r m o s t  o r b i t  o f  a n  a t o m ,  t h e r e b y  c r e a t i n g  c h a r g e d  p a r t i c l e s  

o r  io n s .  A ll o t h e r  f o r m s  o f  e l e c t r o m a g n e t i c  r a d i a t i o n  a r e  n o n ­

i o n iz in g . T h e  p o w e r  o f  n o n - i o n i z i n g  r a d i a t i o n  is  n o t  s u f f i c i e n t  to  

s t a r t  t h e  i o n i z a t i o n  p r o c e s s .  H o w e v e r , t h e  e f f e c t s  o f  n o n - i o n i z i n g  

r a d i a t i o n  a r e  s u b s t a n t i a l  w h e n  r a d i a t i o n s  a r e  i r r a d i a t e d  f o r  a  

l o n g e r  t i m e .  I t  h a p p e n  d u e  to  r a d i a t i o n  p o w e r  o n ly . T h e  r a d i a t i o n  

a b s o r b e d  b y  t h e  c e l l  w i th i n  t h e  b o d y  p r o d u c e s  h e a t  in  t h e  

b o d y . T h e s e  e f f e c t s  a r e  c a l l e d  t h e r m a l  e f f e c ts .  In  t h e s e  t h e r m a l  

e f f e c ts ,  t h e  r a d i a t i o n  f r e q u e n c y  is  c o n s i d e r a b l e .  T h is  e n e r g y  is  

r e s p o n s i b l e  f o r  i t s  d i s s e m i n a t i o n  in to  t h e  o r g a n i s m . T h e  c o n t i n u o u s  

e x p o s u r e  t o  e l e c t r o m a g n e t i c  f ie ld s  d u e  t o  s o u r c e s  lik e  p o w e r  l in e  

a p p l i a n c e s  a n d  s o u r c e s  o f  r a d i o f r e q u e n c y  r a d i a t i o n  h a s  b e e n  

l i n k e d  w i t h  m a n y  a d v e r s e  h e a l t h  e f f e c t s  [ 1 ,  2 ] .  T h e  t y p e s  o f  n o n ­

io n iz i n g  r a d i a t i o n  a n d  t h e  f r e q u e n c i e s  in  w h ic h  t h e y  o c c u r  a r e  

s h o w n  in  T a b le  1 0 . 1 .
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T ab le  1 0 .1  N o n -io n iz in g  ra d ia tio n

T y p e F r e q u e n c y

E le c tro m a g n e tic  fields fro m  d ire c t  c u r r e n t  

(s ta t ic )

0  Hz

W a v e s  fro m  e le c tr ic  p o w e r  (lo w -fre q u e n cy ) 5 0 - 6 0  Hz

E x tre m e ly  lo w  fre q u e n cy  (E L F ) a n d  v e r y  lo w  

f re q u e n cy  (V L F) fields

Up to  3 0  KHz

R ad io  f re q u e n cie s  (R F ) in clu d in g  lo w  

f re q u e n cy  (L F ), m e d iu m  fre q u e n cy  (M F ), 

h igh fre q u e n cy  (H F ), v e r y  high fre q u e n cy  

(V H F ), u ltra  h igh  fre q u e n cy  (U H F) an d  

m icro w a v e  (M W ) a n d  m illim e te r  w av e

F ro m  3 0  kHz to  3 0 0  GHz

In fra re d  (IR ) light, v isib le  lig h t an d  u ltra v io le t  

(U V ) ligh t

A b ove 3 0 0  GHz

C u r r e n tly ,  c o m m u n i c a t i o n  d e v i c e s  s u c h  a s  w i r e l e s s  p h o n e s  

a n d  c e l l  p h o n e s  a r e  c o m m o n l y  u s e d . T h e  y o u n g e r  g e n e r a t i o n  

is  m o r e  a n d  m o r e  a d d i c t e d  t o  c e l l  p h o n e s  a n d  u s e  i t  f r e q u e n t l y  

f o r  c o m m u n i c a t i n g ,  t r a n s f e r r i n g  i n f o r m a t i o n  v i a  t h e  I n t e r n e t ,  

w a t c h i n g  v i d e o s  a n d  m o v i e s ,  l i s t e n i n g  t o  m u s i c ,  d o w n l o a d i n g  

a n d  p l a y in g  g a m e s ,  a n d  v a r i o u s  a p p l i c a t i o n s .  T h e y  h a v e  a l l  t h e  

i n f o r m a t i o n  a b o u t  n e w l y  i n t r o d u c e d  a p p l i c a t i o n s  o f  c e l l  p h o n e s  

a n d  p r e s u m e  c e l l  p h o n e  a s  a  s t a t u s  s y m b o l  w i t h o u t  k n o w i n g  

i t s  ill e f f e c ts .  E l e c t r o m a g n e t i c  o r  r a d i o f r e q u e n c y  r a d i a t i o n s  a r e  

w i d e l y  e m p l o y e d  in  c o m m u n i c a t i o n  d e v i c e s .  A c c o r d i n g  t o  r e c e n t l y  

p u b l i s h e d  B io i n i t i a t i v e  r e p o r t ,  t h e r e  w a s  a b u n d a n t  i n f o r m a t i o n  

a b o u t  i n c r e a s e  in  d a n g e r  a n d  w a r n i n g s  a b o u t  c a n c e r ,  e s p e c i a l l y  

w i t h  r e g a r d  t o  b r e a s t  c a n c e r  in  w o m e n .  T h e s e  r e p o r t s  a l s o  

i n d i c a t e  t h a t  c h i l d r e n  a n d  y o u n g s t e r  a r e  a t  a  h i g h e r  r i s k  [ 3 ] .

P r e s e n t l y ,  a t  g l o b a l  le v e l  t h e r e  a r e  m o r e  t h a n  7  b i l l io n  c e ll  

p h o n e  s u b s c r i b e r s .  In  I n d ia , t h e  c e l l u l a r  p h o n e  s e r v i c e  w a s  

i n i t i a t e d  o n  A u g u s t  1 5 ,  1 9 9 5 ,  in  D e lh i o n  t h e  n o n - c o m m e r c i a l  

b a s i s .  In  t h e  p a s t  2 0  y e a r s ,  t h e  s c e n a r i o  h a s  c o m p l e t e l y  c h a n g e d .  

T h e r e  h a s  b e e n  a n  e x p o n e n t i a l  g r o w t h  o f  m o b i l e  t e l e p h o n y  in  

I n d ia  a n d  a ll  o v e r  t h e  w o r l d .  A s  p e r  d a t a  a v a i la b l e  f r o m  t h e  

T e le p h o n e  R e g u l a t o r y  A u t h o r i t y  o f  I n d ia , o n  A p r i l  1 5 ,  2 0 1 5 ,  

9 6 0 , 5 7 9 , 4 7 2  p e o p l e  w e r e  u s i n g  c e l l  p h o n e s  a ll o v e r  I n d ia . T h e  d a t a  

i n d i c a t e  t h a t  7 8 %  o f  I n d ia 's  p o p u l a t i o n  is  u s i n g  c e l l  p h o n e s .  T o  

s a t i s f y  t h e  d e m a n d ,  m o r e  t h a n  2 0  c o m p a n i e s  p r o v i d e  m o b i l e



s e r v i c e s  in  I n d i a  a n d  a b o u t  1 0 0  c o m p a n i e s  a r e  m a n u f a c t u r i n g  

c e l l  p h o n e s  a ll  o v e r  t h e  w o r ld .

T h e  n u m b e r  o f  c o m p a n i e s  m a n u f a c t u r i n g  c e l l  p h o n e s  w i th  

v a r i o u s  a t t r a c t i v e  f e a t u r e s  is  c o n t i n u o u s l y  i n c r e a s i n g  e v e r y  d ay . 

T o  p r o v i d e  b e t t e r  s ig n a l  c o v e r a g e  f o r  c e l l  p h o n e s  a n d  c o n n e c t iv i ty ,  

m o r e  t h a n  7 0  m il l i o n  t o w e r s  h a v e  b e e n  e r e c t e d  in  In d ia . T h e  

h e a l t h  h a z a r d s  o f  c e l l  p h o n e  t o w e r s  a r e  a  t o p i c  o f  d e b a t e .  N o t  a  

s in g le  c o m p a n y  th in k s  a b o u t  h e a l t h  h a z a r d s  b e c a u s e  o f  t h e  

b u s i n e s s  p o i n t  o f  v ie w . A s  n o t  a ll o f  t h e m  liv in g  n e a r  t o w e r  

a r e  e a r n i n g  r e n t s  o n  t o w e r s :  P e o p l e  s t a y i n g  n e a r  c e l l  p h o n e  

t o w e r s  a r e  n o t  t a k i n g  t o w e r  e r e c t i o n  s e r i o u s ly .  T h e  i n c r e a s i n g  

i n t e n s i t y  o f  in v is ib le  a n d  d a n g e r o u s  e l e c t r o m a g n e t i c  r a d i a t i o n  

f r o m  c o m m u n i c a t i o n  d e v i c e s  m a y  a f f e c t  life  in  n u m e r o u s  w a y s .  

In  a d d i t i o n ,  b a s e  t r a n s m i s s i o n  t o w e r s  e m i t  e l e c t r o m a g n e t i c  

r a d i a t i o n  c o n s t a n t l y ,  w h i c h  h a s  a d v e r s e  e f f e c t s  o n  h u m a n  

a s  w e l l  a s  o n  w i ld  life . U n f o r tu n a te l y ,  e s s e n t i a l  r e g u l a t o r y  p o l ic ie s  

w e r e  n o t  i m p l e m e n t e d  c o n s i d e r i n g  t h e  m a m m o t h  g r o w t h  o f  

m o b i l e  te l e p h o n y .

T h e r e  a r e  r e p o r t s  o f  c h a n g e s  in  t h e  h e a r t  r a t e ,  a n d  s o m e  

c a r d i o v a s c u l a r  e f f e c t s  w i t h  c h a n g e  in  s t r e n g t h  o f  im m u n ity ,  

i n c l u d in g  a u g m e n t e d  s e n s i t i v e  a n d  i n f l a m m a t o r y  r e s p o n s e s ,  h a v e  

b e e n  r e p o r t e d .  In  s o m e  s t u d i e s ,  p e o p l e  l iv in g  in  p r o x i m i t y  o f  v e r y  

l o w  i n t e n s i t y  r a d i o f r e q u e n c y  a r e a s  ( l ik e  W i - F i  a n d  c e l l  p h o n e  

t o w e r s ) ,  w e r e  v i c t i m s  o f  s l e e p  d i s t u r b a n c e .  T e m p o r a r y  e f f e c ts  

o n  c o g n i t i o n ,  r e m e m b r a n c e  a n d  l e a r n i n g ,  m i s c o n d u c t ,  r e s p o n s e  

t i m e ,  a w a r e n e s s  a n d  a t t e n t i v e n e s s  a n d  d i s t o r t e d  b r a i n  w a v e  

a c t i v i t y  w e r e  a ls o  o b s e r v e d  [3 ] .

R a d i a t i o n  e m i t t e d  b y  c e l l  p h o n e s  m a y  c a u s e  a n  i n c r e a s e  

in  t h e  p e r m e a b i l i t y  o f  t h e  b l o o d - b r a i n  b a r r i e r ,  w h i c h  m a y  

r e s u l t  in  n e u r o n a l  d a m a g e  a n d  s h o w s  s i g n i f i c a n t  e f f e c t s  o n  

g e n o t o x i c i t y  a n d  d i s c h a r g e  o f  t h e  b l o o d - b r a i n  b a r r i e r  a ls o .  In  

c a s e  o f  a n i m a l s ,  t h e  b l o o d - b r a i n  b a r r i e r  c a n  b e  in f l u e n c e d  b y  

e v e n  a  v e r y  l o w  i n t e n s i t y  r a d i o f r e q u e n c y  e x p o s u r e .  T h e r e  w e r e  

r e p o r t s  o f  c o n t i n u o u s  2  h  e x p o s u r e s  o f  c e l l  p h o n e  r a d i a t i o n  

r e s u l t i n g  in  a n  i n c r e a s e  in  l e a k a g e  o f  t h e  b a r r i e r .  C e ll p h o n e  

t o w e r  r a d i a t i o n s  c a n  c a u s e  b o t h  t h e r m a l  a n d  n o n - t h e r m a l  

in ju r ie s .  T h e  d a m a g e  c a n  b e  c a u s e d  d u e  t o  h e a t i n g  a t  t h e  t i s s u e  

le v e l ,  s h o w i n g  d e n a t u r a t i o n  o f  p r o t e i n s ,  d i s o r d e r  o f  m o l e c u l e ,  

c h a n g e s  in  c h e m i c a l  r e a c t i o n s  in  t h e  c e l l ,  h e a t  s h o c k  p r o t e i n s  

a n d  e v e n  e n z y m e  m o d i f i c a t i o n s  in  c e l ls  [ 4 ] .
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T h e  g e n o t o x i c  e f f e c t s  f r o m  r a d i o f r e q u e n c y  e x p o s u r e ,  s u c h  

a s  c h r o m o s o m a l  u n s t e a d i n e s s ,  d i s t o r t e d  g e n e  e x p r e s s i o n ,  a n d  

g e n e t i c ,  c h a n g e s  w e r e  r e p o r t e d  [ 5 ] .  A  s t u d y  r e g a r d i n g  t h e  e f f e c ts  

o n  f e r t i l i t y  a n d  r e p r o d u c t i v e  s y s t e m  r e v e a l e d  t h a t  t h e r e  w a s  a  

c o n s i d e r a b l e  r e d u c t i o n  in  t h e  p e r c e n t a g e  o f  m o t i l e  s p e r m  a n d  

r e p r o d u c t i v e  c a p a c i t y  [ 6 ,  7 ] .

D iff ic u lt ie s  in  c o n c e n t r a t i o n ,  t i r e d n e s s ,  s l e e p  d i s o r d e r ,  

g i d d i n e s s ,  l o s s  o f  c o n c e n t r a t i o n ,  l o s s  o f  m e m o r y  a n d  

r e t e n t i v e n e s s ,  e t c . ,  w e r e  r e p o r t e d  in  c a s e  o f  e l e c t r o m a g n e t i c  

h y p e r s e n s i t i v e  (E H S )  p e o p l e .  R e p o r t s  o f  E H S  p e o p l e  s h o w e d  

c o n s i d e r a b l e  v a r i a t i o n s  in  p a r a m e t e r s  o f  t h e  a u t o n o m i c  n e r v o u s  

s y s t e m  (A N S ), w i t h  c h a n g e s  in  t h e  c a p i l l a r y  b l o o d  s t r e a m  

( m i c r o c i r c u l a t i o n ) ,  h e a r t  r a t e ,  a n d  e l e c t r i c  s k in  p o t e n t i a l s  [8 ] .  

S c i e n t i s t s  c o n d u c t e d  a  s t u d y  t o  e x a m i n e  t h e  a s s o c i a t i o n  b e t w e e n  

c e l l  p h o n e  u s e  a n d  p o s s i b i l i t y  o f  g l i o m a  l i n k e d  w i th  c a n c e r .  

A m o n g  t h e  o b s e r v a t i o n s ,  s e v e r a l  s t u d i e s  d id  n o t  f in d  a n y  c o n c r e t e  

p r o o f  o f  t h e  a u g m e n t e d  r i s k  o f  g l i o m a  a s s o c i a t e d  w i t h  t h e  

c o m m o n  u s e  o f  c e l l  p h o n e .  O n  t h e  o t h e r  h a n d ,  in  c a s e  o f  p e o p l e  

u s i n g  c e l l  p h o n e  f o r  m o r e  t h a n  1 0  y e a r s ,  t h e  o c c u r r e n c e  o f  t u m o r  

o n  t h e  s u r f a c e  o f  t h e  h e a d  w a s  o b s e r v e d .  T h e  m a j o r  p r o b a b l e  

d a n g e r  w a s  d u e  t o  m o s t  h e a v i l y  e x p o s e d  p a r t  o f  t h e  b r a i n  w i th  

l o n g - t e r m  e x p o s u r e  o f  E M R  [ 9 ,  1 0 ] .

T h e  s t u d y  o f  e l e c t r o m a g n e t i c  f ie ld  e x p o s u r e  h a s  b e e n  

c o n d u c t e d  a n d  f o u n d  r e l a t e d  w i t h  A l z h e i m e r ’s  s y n d r o m e ,  m o t o r  

n e u r o n  d i s e a s e ,  a n d  P a r k i n s o n ’ s  d i s e a s e  [ 1 1 ] .  I t  w a s  o b s e r v e d  

t h a t  t h e r e  w a s  n o t i c e a b l e  d i s p a r i t y  b e t w e e n  t h e  h e a r t  r a t e  (H R )  

d u r i n g  c o n v e r s a t i o n  o n  c e l l  p h o n e  a s  c o m p a r e d  w i th  H R  d u r i n g  

c e l l  p h o n e  k e p t  in  t h e  r i n g i n g - a n d - r e s t i n g  m o d e  in  c a s e  o f  m a l e s  

a n d  f e m a le s .  A  r e m a r k a b l e  d e c l i n e  o f  r e s t i n g  o f  T P  s e g m e n t  o n  

e l e c t r o c a r d i o g r a p h  w a s  a l s o  n o t i c e d .  I n v e s t i g a t i o n s  r e l a t e d  to  

s t r e s s  r e p o r t e d  m e n t a l  a n d  b e h a v i o r a l  h e a l t h  i n d i c a t i o n s ,  s u c h  a s  

d e p r e s s i o n  a m o n g  m e n  a n d  w o m e n ,  a t  f o l lo w -u p  a f t e r  e x p o s u r e  

v i a  c e l l  p h o n e s  [ 1 2 ] .  T h e  c o n c e r n  a b o u t  r a d i a t i o n  e x p o s u r e  o f  

R F R  in  c h i l d r e n  is  o n e  o f  t h e  i m p o r t a n t  i s s u e s .  C h i ld r e n  a r e  

a f f e c t e d  b y  s u r r o u n d i n g  e x p o s u r e s  d u e  t o  c e l l  p h o n e  r a d i a t i o n  

in  a  d i s p r o p o r t i o n a t e  m a n n e r .  T h e  m o s t  c o n c e r n i n g  d i s e a s e s  

a r e  c a n c e r  a n d  n e u r o l o g i c a l  d i s e a s e s .  R e g a r d in g  r a d i o f r e q u e n c y  

e x p o s u r e ,  i t  w a s  o b s e r v e d  t h a t  c h i l d r e n  a r e  m o r e  s u s c e p t i b l e  

t h a n  a d u l t s  [ 1 3 ] .



X - r a y  a n d  g a m m a - r a y  s o u r c e s  u s e d  in  d i a g n o s i s  a n d  t r e a t m e n t  

a r e  o t h e r  s o u r c e s  o f  s e v e r e  b i o lo g ic a l  i m p a i r m e n t .  E f f e c t s  f r o m  

t h e s e  e x p o s u r e s  m a y  v a r y  f r o m  n o  c o n s e q u e n c e  t o  d e a t h  

d e p e n d i n g  o n  t h e  i n t e n s i t y  a n d  t i m e  o f  e x p o s u r e .  T h e s e  

e x p o s u r e s  c a n  b e  a  r e a s o n  f o r  d i s e a s e s  s u c h  a s  le u k e m i a ,  b o n e  

c a n c e r ,  b r e a s t  c a n c e r ,  a n d  lu n g  c a n c e r .  I n v e s t i g a t i o n s  r e p o r t  t h a t  

X - r a y  e x p o s u r e  o v e r  t h e  l o n g  t e r m  in  C T  s c a n  c a n  a l t e r  g e n e t i c  

b i o m a t e r i a l  in  c e l l s  a n d  m a y  c a u s e  m u t a t i o n s  in  t h e  c e l l  [ 1 4 ] .

L o n g - t e r m  i n v e s t i g a t i o n s  r e p o r t e d  w a r n i n g  r e g a r d i n g  t h e  

i m b a l a n c e  o f  e c o s y s t e m .  I n t e n s i t y  o f  r a d i o f r e q u e n c y  ( R F )  a n d  

e x p o s u r e  p e r i o d  o f  n o n - i o n i z i n g  r a d i a t i o n  c a u s e  h a r m  to  t h e  b io  

s y s t e m  a n d  e c o s y s t e m s  a l s o  [ 1 5 ,  1 6 ] .  V a r io u s  s t u d i e s  h a v e  s h o w n  

t h e  ill e f f e c t s  o f  r a d i o f r e q u e n c y  e l e c t r o m a g n e t i c  f ie ld  o n  b e e s ,  

f r u i t  f lie s , f r o g s ,  b i r d s ,  a n d  b a t s ,  b u t  t h e  l o n g - t e r m  s t u d i e s  o f  

s u c h  e x p o s u r e s  a r e  in c o n c l u s i v e ,  r a r e ,  a n d  a l m o s t  n o n ­

e x i s t e n t  in  I n d ia . S h o r t - t e r m  s t u d i e s  o n  t h e  a d v e r s e  i m p a c t s  o f  

r a d i o f r e q u e n c y  e l e c t r o m a g n e t i c  f ie ld  o n  f r o g s ,  h o n e y b e e s ,  h o u s e  

s p a r r o w s ,  b a t s ,  a n d  e v e n  h u m a n s  a r e  d i s t r e s s i n g .  H o n e y b e e s  

e m e r g e  t o  b e  v e r y  s e n s i t i v e  t o  e l e c t r o m a g n e t i c  f ie ld . I t  h a s  

b e e n  n o t i c e d  t h a t  h o n e y b e e  c o l o n i e s  a r e  r e d u c i n g  d a y  b y  d ay . If  

t h e i r  b e h a v i o r a l  r e s p o n s e s  a r e  s c i e n t i f i c a l l y  r e c o r d e d  a n d  

i n t e r p r e t e d ,  i t  c o u l d  b e  u s e d  a s  a n  i n d i c a t o r  o f  E M F  p o l l u t i o n  o n  

b i o l o g i c a l  s p e c i e s  [ 1 7 ] .  E i n s t e i n  b e l ie v e d , “ If  t h e  b e e  d i s a p p e a r s  

f r o m  t h e  s u r f a c e  o f  t h e  e a r t h ,  m a n  w o u l d  h a v e  n o  m o r e  t h a n  

f o u r  y e a r s  t o  liv e .”

F i e ld  i n t e n s i t i e s  o f  r a d i a t i o n  b y  c e l l  p h o n e  t o w e r s  g o  d o w n  

s p e e d i l y  w i th  i n c r e a s e  in  d i s t a n c e  f r o m  t h e  c e l l  p h o n e  to w e r .  

T h e  a t t e n u a t i o n  o f  p o w e r  d e c r e a s e s  w i th  i n c r e a s e  in  d i s t a n c e  

f r o m  t h e  to w e r .  T h e  h u m a n  b o d y  c o n t a i n s  7 0 %  o f  l iq u id  ( o r  f lu id )  

in  t h e  b o d y . W h e n  t h e  h u m a n  b o d y  is  e x p o s e d  to  t h e  E M R , i t  

a b s o r b s  m a x i m u m  r a d i a t i o n .  T h e  a b s o r p t i o n  is  s i m i l a r  to  c o o k i n g  

f o o d  in  t h e  m i c r o w a v e  o v e n . T h e  h e i g h t  o f  a  h u m a n  is  m u c h  m o r e  

t h a n  t h e  w a v e l e n g t h  o f  t h e  t r a n s m i t t i n g  f r e q u e n c i e s  o f  t h e  c e ll  

p h o n e  to w e r .  T h e r e f o r e ,  t h e r e  is  p o s s i b i l i t y  o f  m a n y  r e s o n a n c e s  

in  t h e  b o d y . C o n s e q u e n t l y  i t  m a y  c a u s e  r e s t r i c t e d  h e a t i n g  

w i t h i n  t h e  b o d y . F in a lly , t h e r e  m a y  b e  d e h y d r a t i o n  in  e y e s .  

I t  c a u s e s  e y e  p a i n ,  d e h y d r a t i o n  o f  f lu id  in  t h e  b r a i n ,  t h e  jo in t s ,  

t h e  h e a r t ,  t h e  a b d o m e n ,  e t c . ,  c a u s i n g  o v e r a l l  d e t r i m e n t a l  e f f e c ts  

[ 1 8 ] .
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T h e  r a d i a t i o n  e f f e c t s  d u e  to  n o n - i o n i z i n g  r a d i a t i o n  o n  t h e  

h u m a n  b o d y  a r e  e x p e c t e d  t o  b e  d a n g e r o u s  a n d  n e v e r - e n d i n g  a t  

all. T h e  m a i n  a s p e c t  to  b e  c o n s i d e r e d  f o r  i n v e s t i g a t i n g  d e t r i m e n t a l  

e f f e c t s  i n c l u d e  d u r a t i o n  o f  c e l l  p h o n e  u s e ,  n u m b e r  o f  d e v i c e s  

u s e d  a t  a  t i m e ,  a v e r a g e  c a l ls  r e c e i v e d  a n d  d i a l e d  p e r  d a y , p o s i t i o n  

o f  k e e p i n g  t h e  c e l l  p h o n e ,  i n f o r m a t i o n  a b o u t  u s e  o f  s u c h  d e v i c e s  

b y  c h i l d r e n ,  i n f o r m a t i o n  a b o u t  h y p e r s e n s i t i v e  p e o p l e ,  i n f o r m a t i o n  

a b o u t  c e l l  p h o n e  t o w e r s  in  t h e  v i c i n i t y  o f  c r o w d e d  a r e a s ,  r a d i a t i o n  

e f f e c t s  d u e  t o  c e l l  p h o n e  t o w e r s ,  p r e v e n t i v e  m e a s u r e s  t o  b e  t a k e n  

t o  r e d u c e  t h e  r a d i o f r e q u e n c y  r a d i a t i o n ,  b i o l o g i c a l  e f f e c t s  s u c h  

a s  f a t ig u e ,  d i z z i n e s s ,  l o s s  o f  a t t e n t i o n ,  m e m o r y  l o s s ,  d i s t u r b a n c e  

in  s l e e p ,  m e n t a l  w e a k n e s s ,  a n d  o t h e r  a s s o c i a t e d  h e a l t h  p r o b l e m s .

T h e  m a j o r  h a z a r d  o f  E M R  is  t h e  e m i s s i o n  o f  r a d i a t i o n  b y  

t h e  p e r m a n e n t  s t r u c t u r e  u s e d  in  m o b i l e  c o m m u n i c a t i o n .  T h e s e  

i n f r a s t r u c t u r e s  i n c l u d e  b a s e  t o w e r  s t a t i o n s  a n d  t h e i r  a n t e n n a s .  

D u e  t o  e x p o n e n t i a l  i n c r e a s e  in  c e l l  p h o n e  m a n u f a c t u r e  a n d  c e ll  

p h o n e  u s e r s  a ll o v e r  t h e  w o r l d ,  t h e  n u m b e r s  o f  b a s e  s t a t i o n  

t o w e r s  o r  c e l l  p h o n e  t o w e r s  a r e  a ls o  i n c r e a s i n g  c o n s id e r a b ly .  

C ell p h o n e  t o w e r s  o f f e r  t h e  c o n n e c t i o n  b e t w e e n  c e l l  p h o n e  u s e r s  

in  t h e  p r o c e s s  o f  t r a n s m i s s i o n  a n d  r e c e i v i n g  s ig n a ls .  C o m p a r e d  

w i t h  m o b i l e  h a n d s e t s ,  a  c e l l  p h o n e  t o w e r  e m i t s  r a d i a t i o n  

c o n t i n u a l l y  2 4  h  a  d ay . T h e  a b s o r p t i o n  o f  E M R  a f f e c ts  m o r e  t h e  

p e o p l e  s t a y i n g  n e a r  t h e  to w e r .  E v e n  p l a n t s  a n d  a n i m a l s  n e a r  

t h e  t o w e r  e x h i b i t  a d v e r s e  e f f e c t s  o n  t h e i r  g r o w t h  d u e  to  t h e  

r a d i a t i o n  e m i t t e d  b y  t h e  c e l l  p h o n e  to w e r .

F i e ld  i n t e n s i t i e s  o f  r a d i a t i o n  b y  c e l l  p h o n e  t o w e r s  g o  d o w n  

s p e e d i l y  w i th  i n c r e a s e  in  d i s t a n c e  f r o m  t h e  b a s e  t o w e r  s t a t i o n  

(B T S ) .

C o n s e q u e n t l y  i t  m a y  c a u s e  r e s t r i c t e d  h e a t i n g  w i t h i n  t h e  b o d y . 

F in a lly , t h e r e  m a y  b e  d e h y d r a t i o n  in  e y e s .  I t  c a u s e s  e y e  p a in ,  

d e h y d r a t i o n  o f  f lu id  in  t h e  b r a in ,  t h e  j o i n t s ,  t h e  h e a r t ,  t h e  a b d o m e n ,  

e tc .  c a u s i n g  o v e r a l l  d e t r i m e n t a l  e f f e c t s  [ 1 8 ] .  M a x im u m  r a d i a t i o n  

e m i t t e d  in  t h e  d i r e c t i o n  p e r p e n d i c u l a r  b a s e  t r a n s m i s s i o n  s t a t i o n  

is  i n d i c a t e d  in  t h e  F ig . 1 0 . 1 .  T h e  p r i m a r y  l o b e  h a s  m a x i m u m  

r a d i a t i o n s  w h i le  t h e  s e c o n d a r y  l o b e  c o n t a i n s  l o w  r a d i a t i o n s .

T h e  e x i s t i n g  I n t e r n a t i o n a l  C o m m i t t e e  o n  N o n  I o n iz in g  

R a d i a t i o n  P r o t e c t i o n  n o r m s  a r e  e n t i r e l y  b a s e d  o n  t h e  t h e r m a l  

e f f e c ts .  D i v e r s e  e p i d e m i c  a n d  l a b o r a t o r y  i n v e s t i g a t i o n s  h a d  

r e v e a l e d  t h e  c o n s i d e r a b l e  b i o l o g i c a l  e f f e c t s  f a r  l o w  t h a n  t h e s e



standards adopted. The effects of RF radiation developed become 
more prom inent for 8 to 10 years of exposure. These effects are not 
seen at the early stages o f exposure because the body has definite 
resistance mechanisms. With increase in stress, the response is 
reduced and body cells receive less protection against the harm. 
Thus, in the long term, even low intensity could be harmful.
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Figure 1 0 .1  Base transm ission station and radiation exposure.

Weak EMF releases Ca+ (calcium) ions from the membrane of 
a cell. The seepage of calcium ions speeds up the growth and 
healing rapidly. However, unfortunately it also promotes the 
initiation of tumors. Loss o f Ca+ causes leakage in the membranes 
of lysosomes, which causes DNA damage. Another instance of 
DNA damage is enlarged free radical formation inside cells [19].

Gandhi et al. observed that children are more susceptible 
to radiofrequency radiation. This is because children have thin 
skulls, developing nervous system, and partly developed myelin 
cover on neurons as shown in Fig. 10.2 [20]. Both an expectant 
woman and her fetus are susceptible to RF radiations. MW 
radiation harms the placental barrier, signifying that the use of 
cell phone should be avoided by pregnant women.

Investigations on the RF field indicate the correlation with 
various diseases like Alzheimer’s disease, motor neuron disease,
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a n d  P a r k i n s o n ’s  d i s e a s e  w i t h  t h e  r a d i o f r e q u e n c y  e x p o s u r e .  A ll 

d i s e a s e s  a r e  c o n c e r n e d  w i t h  t h e  d e c r e a s e  o f  s p e c i f i c  n e u r o n s  in  

t h e  b o d y . H e n c e ,  p e o p l e  l iv in g  n e a r  b a s e  t o w e r  s t a t i o n s  a r e  a t  a  

l a r g e r  r i s k  o f  d e v e l o p i n g  n e u r o p s y c h i a t r i c  p r o b l e m s  a n d  h e a l t h  

p r o b l e m s .  T h e  c o m p l a i n t s  a b o u t  h e a d a c h e ,  r e m i n i s c e n c e  lo s s ,  

v o m i t i n g ,  g i d d i n e s s ,  l a c k  o f  s e n s a t i o n ,  s t in g in g ,  c h a n g e d  r e f l e x e s ,  

m u s c l e ,  j o i n t  a n d  l e g / f o o t  p a i n ,  s a d n e s s ,  a n d  s l e e p  d i s o r d e r  h a v e  

b e e n  r e p o r t e d  [ 2 1 ] .

Figu re  1 0 .2  R a d ia tio n  o n  th e  h ead  o f  a n  a d u lt, 1 0 -y e a r -o ld  child , and  
5 -y e a r-o ld  child.

O t h e r  d e t r i m e n t a l  e f f e c t s  in c l u d e  e p i l e p t i c  f i ts ,  p a r a l y t i c  

m o v e m e n t s  a n d  n e u r o s i s .  A ll e f f e c t  p o i n t s  to  t h e  c u r r e n t  e x p o s u r e  

s t a n d a r d s  f o r  m i c r o w a v e s ,  w h i c h  a r e  u n s a f e  f o r  l o n g - t e r m  

e x p o s u r e .  D i f f e r e n t  h e a l t h  s y m p t o m s  o f  R F  e x p o s u r e  f a c e d  b y  th e  

i n h a b i t a n t s  w i t h i n  5 0  m  a n d  b e y o n d  5 0  m  f r o m  t h e  t o w e r  w e r e  

a n a l y z e d  a n d  c o m p a r e d .  T h e  r e s u l t s  w e r e  a ls o  a n a l y z e d  g e n d e r  

w i s e .  I t  w a s  r e p o r t e d  t h a t  t h e  i n h a b i t a n t s  r e s i d i n g  w i th i n  5 0  m  

o f  t h e  l o c a t i o n  o f  a  b a s e  t o w e r  s t a t i o n  h a d  m o r e  h e a l t h  

c o m p l a i n t s  t h a n  t h o s e  l iv in g  b e y o n d  5 0  m . I t  w a s  a l s o  f o u n d  

t h a t  f e m a l e s  h a d  m o r e  h e a l t h  c o m p l a i n t s  t h a n  m a l e s  [ 2 2 ] .

C h a n g e s  in  e l e c t r o e n c e p h a l o g r a p h  (E E G ) o f  b r a i n  a c tiv ity ,  

n e u r o t r a n s m i t t e r s ,  m e t a b o l i c  c h a n g e s  lik e  c a l c i u m  io n s ,  l o s s  o f  

c o n c e n t r a t i o n ,  s l o w  r e s p o n s e  t i m e  in  s c h o o l  c h i l d r e n , i n c r e a s e  

in  b l o o d  p r e s s u r e  in  h e a l t h y  m e n ,  a n d  d a m a g e  t o  e y e  c e l ls  

h a v e  b e e n  r e p o r t e d  in  v a r i o u s  s t u d i e s  o n  t h e  e f f e c ts  o f  E M R  [ 2 3 ] .

10.2 Case Study

In  t h i s  s e c t i o n ,  t h e  e f f e c t s  o f  c e ll  p h o n e  r a d i a t i o n  o n  c a r d i o v a s c u l a r  

p a r a m e t e r s  a r e  d i s c u s s e d .



10.2.1 Methodology

10.2.1.1 Sample selection

E x p e r i m e n t s  w e r e  c a r r i e d  t o  o b s e r v e  t h e  e f f e c t  o f  t h e  

c o n t i n u o u s  c o m m u n i c a t i o n  v i a  c e l l  p h o n e s  o n  t h e  c a r d i o v a s c u l a r  

s y s t e m  o f  y o u n g  a n d  h e a l t h y  v o l u n t e e r s .  P a r t i c i p a n t s  s e l e c t e d  

(n  = 5 0 )  o f  a g e  2 1 . 8  y e a r s  ( ± 2 . 0 4 )  w e r e  p h y s i c a l l y  fit. T h e  

v o l u n t e e r s  o n  m e d i c a l  t r e a t m e n t ,  w i th  o c c u r r e n c e  o f  a n y  r i g o r o u s  

c a r d i o v a s c u l a r  s y n d r o m e  t o g e t h e r  w i t h  a r t e r i a l  h y p e r t e n s i o n ;  

w i t h  a n y  p a i n s  o f  t h e  n e u r o l o g i c a l  s y s t e m ;  w i t h  m e t a b o l i s m  

i s s u e s  t h a t  c o u l d  a f f e c t  t h e  h e a r t  r a t e ;  w i th  s e r i o u s  a r r h y t h m i a s ;  

a n d  a d d i c t e d  t o  s m o k i n g  a n d  t r e a t e d  f o r  a l c o h o l i s m  w e r e  

e x c lu d e d .

V o l u n t e e r s  w i th  n o r m a l  h e a l t h  w e r e  i n c l u d e d  in  t h e  s tu d y .  

I t  w a s  e n s u r e d  t h a t  v o l u n t e e r s  i n c l u d e d  in  s t u d y  h a d  b e e n  u s in g  

c e l l u l a r  p h o n e s  f o r  m o r e  t h a n  3  y e a r s  p r i o r  t o  t h e  s tu d y . A f te r  

in f o r m a l  d i s c u s s i o n  w i th  v o l u n t e e r s ,  i t  w a s  o b s e r v e d  t h a t  t h e y  

w e r e  u s i n g  c e l l u l a r  p h o n e s  f o r  a b o u t  9 - 1 0  h  p e r  m o n t h .  I t  w a s  

a l s o  n o t i c e d  t h a t  t h e  a v e r a g e  t i m e  o f  e a c h  c e l l  p h o n e  c a l l  w a s

3  m in . T h e  v o l u n t e e r s  a v e r a g e l y  d i a l e d  1 0  c a l l s  p e r  d a y  a n d  

m i n i m u m  3 0 0  c a l ls  p e r  m o n t h .  N e c e s s a r y  c o n s e n t s  f o r  t h e  s t u d y  

w e r e  o b t a i n e d  f r o m  a ll s t u d e n t s  i n c l u d e d  in  t h e  s tu d y . A ll s u b j e c t s  

w e r e  i n f o r m e d  t o  a v o id  c a f f e i n a t e d  d r in k s  a n d  w e r e  t o l d  n o t  

t o  h a v e  u n n e c e s s a r y  a c t i v i t i e s  t o g e t h e r  w i th  p h y s i c a l  e x e r c i s e s  

a n d  a e r o b a t i c s  1 2  h  p r i o r  t o  t h e  c o l l e c t i o n  o f  d a t a .  T h e y  w e r e  

a l s o  i n f o r m e d  n o t  t o  h a v e  f o o d  o r  t e a  p r i o r  t o  e x p e r i m e n t s .  T h e  

v o l u n t e e r s  w e r e  p r o v i d e d  i n f o r m a t i o n  r e g a r d i n g  t h e  e q u i p m e n t  

t h a t  w o u l d  b e  u s e d  f o r  e x a m i n i n g  t h e  h e a l t h  p a r a m e t e r s ,  

p r o c e d u r e  o f  s tu d y , a n d  e x p e r i m e n t a t i o n .

10.2.1.2 Experiments

S y s t o l i c  a n d  d i a s t o l i c  b l o o d  p r e s s u r e s  w e r e  n o t e d  f o r  a ll  s e l e c t e d  

v o l u n t e e r s  u s in g  t h e  D i a m o n d  S p h y g m o m a n o m e t e r  d e l u x e  

m o d e l .  T h e  s t u d y  w a s  c o m p l e t e d  in  a  q u i e t ,  a ir y , a n d  s p a c i o u s  

r o o m  in  s i t t i n g  p o s i t i o n .  T h e  r e c o r d i n g  o f  t h e  r e s p i r a t o r y  r a t e  

(R R )  a n d  s a t u r a t e d  o x y g e n  p e r c e n t a g e  S p O 2 a l o n g  w i t h  s y s t o l i c  

b l o o d  p r e s s u r e  (S B P ) ,  d i a s t o l i c  (D B P ) ,  H R , a n d  p u l s e  r a t e  (P R )  

o f  a  v o l u n t e e r  w a s  c o m p l e t e d  w i th  t h e  h e l p  o f  s im p le  s i x - c h a n n e l  

m u l t i p a r a  m o n i t o r  f r o m  S c i e n t e c h  C o m p a n y  o f  M o d e l  C a d d o  1 9 B ,
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a s  s h o w n  in  F ig . 1 0 . 3 .  T h e  m a c h i n e  w a s  c a p a b l e  o f  r e c o r d i n g  a n d  

d i s p la y i n g  v e r y  i m p o r t a n t  s ig n a ls  s u c h  a s  t h e  EC G  w a v e  f o r m ,  

h e a r t  r a t e ,  r e s p i r a t o r y  r a t e ,  S p O 2, a n d  p u l s e  o x i m e t r y  p a t t e r n .  

F o u r  s e n s o r s  ( a l s o  c a l l e d  e l e c t r o d e s )  c o m b i n e d  in  a  c a b l e  w e r e  

e m p l o y e d  f o r  m e a s u r e m e n t  t o  m a k e  t h e  u n i t  c o m p e t e n t  f o r  

r e c o r d i n g  p h y s i c a l  p a r a m e t e r s  a s  i n d i c a t e d  in  F ig . 1 0 . 4 .  F o r  t h e  

m e a s u r e m e n t  o f  B P, a  c u f f  w a s  u s e d  a s  in  t h e  m e a s u r e m e n t  u s in g  

t h e  s p h y g m o m a n o m e t e r .

Caddo- 19 B

Figu re  1 0 .3  M u ltip a ra m e te r  m a ch in e .

(a) D isc electrodes (b) chest electrode

Figu re  1 0 .4  E le c tro d e s  u se d  fo r study.

T h e  p i l o t  s t u d y  w a s  c a r r i e d  o u t  f o r  c o n t i n u o u s  1  h  

c o m m u n i c a t i o n .  T h e  t i m e  o f  m a x i m u m  e x p o s u r e  w a s  d e t e r m i n e d  

b y  o b s e r v i n g  t h e  e f f e c t  o f  1  h  e x p o s u r e .  R e c o r d i n g s  o f  h e a l t h



param eters were completed for about 20 min from 10 am to 
1 1  am every day under the same circumstances, at the same 
position of the study, and in sitting position. Readings were taken 
prior to the mobile call (control), after 10 min with a cellular 
phone used continuously (exposure for 10 min), and 20 min after 
continuous talk on the cell phone. During the experimentation, 
each volunteer was receiving radiation exposure released by
1,800 MHz frequency cell phone held in the right hand.

The mobile handset used for the experim ent was GSM 
Karbonn A1+ model, easily available on the market. The specific 
absorption ratio (SAR) value for model Karbonn A1+ phone 
was 0.633 W/kg. The cell phone was kept in the “on position” 
during the experiments so that the consequence of logging into 
the mobile networking at the maximal release of radiation could 
be avoided. General, non-debatable, non-exciting, or non-irritating 
and unbiased issues were discussed during the cell phone 
communication to reduce the stress linked with talking and 
successive excess activity o f the autonomic nervous system. 
The volunteers were in a trouble-free sitting position and not 
allowed to make any bodily movement.

The experimental arrangem ent is shown in Fig. 10.5. 
These observations were taken in a quiet room at 23°C. Various 
param eters were recorded for the investigation when a volunteer 
was continuously communicating with the other person on 
normal issues.
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Figure 1 0 .5  Experim ental setup.
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10.3 Results and Discussions

The typical variations in recorded param eters of a volunteer 
for 1 h communication are shown in Table 10.2.

Table 1 0 .2  Variation in health param eters for 1 h conversion on cell 
phone

% variation in the 
for various durations

parameters

Parameters 2 0  min 40 min 60 min

Systolic blood pressure (mm of Hg) 6.93 2.97 3.96

Diastolic blood pressure (mm of Hg) 4.23 2.80 1.39

Respiration rate (per min) 26.32 15.79 15.79

Heart rate (beats per min) 16.04 12.24 2.45

S p O 1121 2.2 8.99

Pulse rate (per min) 1 : 0 5.33

Temperature 3.01 3.61 3.61

A typical variation in health param eters using Multipara 
Caddo 19 B during continuous talk on the cell phone for 60 min 
shown in Fig. 10.6.

T i m e  in m i n u t e

Figure 1 0 .6  Variation in health param eters for continuous 1 h 
communication.
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S t a t i s t i c a l  p  v a l u e  is  t h e  p r o b a b i l i t y  o f  f in d in g  t h e  e x p e r i m e n t a l  

e f f e c t  u n d e r  a  n u ll  h y p o t h e s i s .  I t  is  d e t e r m i n e d  b y  c o m p a r i n g  t h e  

t e s t  s t a t i s t i c  a g a i n s t  t a b u l a t i o n s  o f  s p e c i f i c  p e r c e n t a g e  p o i n t s  o f  

s t a t i s t i c a l  d i s t r i b u t i o n s .  In  p a r t i c u l a r ,  p  v a l u e s  le s s  t h a n  0 . 0 5  a r e  

o f t e n  r e p o r t e d  a s  “s t a t i s t i c a l l y  s ig n if ic a n t ,” a n d  i n t e r p r e t e d  a s  

b e i n g  s m a l l  e n o u g h  to  j u s t i f y  r e j e c t i o n  o f  t h e  n u ll  h y p o t h e s i s .  T h e  

v a l u e  p  = 0 . 0 5  t h r e s h o l d  is  a n  a r b i t r a r y  o n e  t h a t  u s u a l ly  u s e d  in  

m e d i c a l  a n d  p s y c h o l o g i c a l  r e s e a r c h .  A b o u t  9 5 %  i n t e r v a l  is  o f te n  

i n t e r p r e t e d  a s  i n d i c a t i n g  a  r a n g e  w i t h i n  w h ic h  w e  c a n  b e  9 5 %  

c e r t a i n  o f  t h e  t r u e  e f f e c t .

T a b le  1 0 . 3  s h o w s  c o m p a r i s o n  d u r i n g  c o n v e r s i o n  o n  t h e  

c e l l  p h o n e  w i t h  m e a n ,  s t a n d a r d  d e v i a t i o n  (S .D .), s t a n d a r d  e r r o r  

(S .E .) ,  a n d  s t a t i s t i c a l  p  v a l u e s  f o r  1 0  m in  a n d  2 0  m in  o f  

c o n t i n u o u s  t a l k  f o r  5 0  v o l u n t e e r s .  T h e  a n a l y s i s  o f  d a t a  w a s  

d o n e  u s i n g  o n l in e  s o f t w a r e  S t u d e n t 's  t t e s t .
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T ab le  1 0 .3  C o m p a riso n  o f  p v a lu e  a f te r  cell p h o n e  e x p o su re

H e a l th  P a r a m e t e r E x p o s u r e  t i m e  S.D. S.E. p  v a lu e

SB P 0  m in  (N ) 1 4 .6 6 2 .9 3 —

m m  o f  Hg 1 0  m in 1 8 .4 0 3 .6 8 0 .4 9

2 0  m in 1 5 .2 3 3 .0 4 7 0 .3 2

D BP 0  m in (N ) 9 .2 5 1 .8 5 —

m m  o f  Hg 1 0  m in 1 2 .1 6 2 .4 3 0 .2 8 8 5

2 0  m in 1 0 .8 9 2 .1 7 0 . 1 7 2 4

RR 0  m in  (N ) 4 .1 3 1 6 .4 8 —

p e r  m in u te 1 0  m in 4 .0 5 5 .6 2 0 .2 3 4 7

2 0  m in 5 .1 2 1 12 0 .4 7 8 6

HR 0  m in  (N ) 1 0 .9 8 2 .1 9 —

b e a ts  p e r  m in u tes 1 0  m in 1 2 .3 5 2 .4 7 0 . 0 5 4 4

2 0  m in 1 3 .4 6 2 .6 9 0 .0 0 2 7

PR 0  m in (N ) 1 4 .7 8 2 .9 5 —

p e r  m in u te 1 0  m in 1 2 .5 6 2 .5 1 0 .6 6 7

2 0  m in 1 3 .8 9 2 .7 7 0 .5 5 7 2

SpO2 in % w 0  m in  (N ) 3 .1 9 0 .6 3 —

1 0  m in 4 .0 5 7 0 8 1 0 .8 1 7 2

2 0  m in 1 .8 9 0 .3 7 8 0 .2 6 3 6
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Variation in the heart rate was on the threshold of significant 
after 10  min. It is m ore significant for exposure of cell phone 
communication for 20 min. It can be concluded that continuous 
mobile communication for 20 min affect the heart rate. For a 
group of 50 volunteers involved in study, the changes in the 
heart rate after 10 min exposure were at the threshold of 
significance (p = 0 .0544), but it becam e strongly significant 
(p  = 0 .0027) after mobile communication for 20  min.

The gender-wise effect of continuous talking on the cell 
phone for 20  min from the calculated p  value is shown in Fig. 10.7.

H e a l t h  p a r a m e t e r

Figure 1 0 .7  Variation in p  values (gender-w ise) for 20  min exposure.

10.4 Conclusions

It  has been observed that p  values for systolic blood pressure, 
respiration rate, pulse rate, and SpO2 are not significant. These 
experiments were conducted in the morning from 10 am to
11 am. Other investigators conducted studies from 1.00 pm to 
3.00 pm. and 9 am to 1 pm. The exposure of cell phone radiation 
in this experim ent was for 20  min only, while in other cases it 
varied from 20 to 50 min [24]. The continuous conversation on 
the cell phone might change the rate of breathing. Therefore, 
variations in the respiratory rate may have an influence on the 
heart rate of a subject. This probability should be taken into 
account while the heart rate variability analysis is carried out 
considering respiration [25, 26]. The effect of cell phone radiation 
has not been fully understood by common people. Unfortunately, 
cell phone-m anufacturing companies claim that there are no 
health effects due to radiation em itted by cell phones and towers.
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C ell p h o n e  m a n u f a c t u r e  i n d u s t r y  is  lik e  t h e  c i g a r e t t e  

m a n u f a c t u r e  i n d u s t r y .  C i g a r e t t e  c o m p a n i e s  p u b l ic a l ly  a g r e e  t h a t  

s m o k i n g  is  in j u r i o u s  t o  h e a l t h  a n d  t h e  s a m e  w a r n i n g  is  p r i n t e d  

o n  c i g a r e t t e  p a c k e t s .  S till  m i l l i o n s  o f  p e o p l e  a r e  b e c o m i n g  v i c t i m s  

o f  s m o k in g , i n v i t in g  p u l m o n a r y  a n d  r e s p i r a t o r y  d i s e a s e  lik e  

t u b e r c u l o s i s  a n d  a s t h m a .  W e  c a n n o t  v i e w  r a d i a t i o n  e m a n a t e d  

f r o m  c e l l  p h o n e s  o r  s m e l l  i t , b u t  i t s  e f f e c t s  a r e  o b s e r v e d  a f t e r  

l o n g - t e r m  e x p o s u r e .  In  a d d i t i o n  to  c e l l  t o w e r s ,  o t h e r  s o u r c e s  s u c h  

a s  w i r e l e s s  p h o n e s ,  c o m p u t e r s ,  l a p t o p s ,  T V  t o w e r s ,  F M  t o w e r s ,  

A M  t o w e r s ,  a n d  m i c r o w a v e  o v e n s  a r e  s o u r c e s  o f  r a d i a t i o n .  W e  

a r e  c o n t i n u o u s l y  e x p o s e d  t o  t h e s e  r a d i a t i o n s .  F i r m  r u l e s  s h o u ld  

b e  a p p l i e d  t o  p r o t e c t  t h e  p u b l ic  f r o m  s u c h  h a r m f u l  r a d i a t i o n s .  

C o m m e r c i a l  b e n e f i t s  f r o m  t h e  t e l e c o m m u n i c a t i o n  i n d u s t r y  to  

g o v e r n m e n t  a r e  o b v io u s  a n d  c o n s i d e r a b l e ,  b u t  i t  s h o u l d  b e  k e p t  

in  m i n d  t h a t  r e a l  w e a l t h  o f  a  c o u n t r y  is  in  t h e  h e a l t h  o f  i t s  p e o p le .

10.4.1 Limitations of the Study

T h e  d a t a  c o l l e c t e d  f o r  t h e  s u r v e y  w a s  l i m i t e d  t o  5 0  v o l u n t e e r s .  

W e  f e e l  t h a t  f o r  b i o lo g ic a l  a n a l y s is ,  i t s  s a m p l e  s i z e  c a n  b e  

i n c r e a s e d  f o r  a ll  a g e  g r o u p s  a n d  a ll p a r t s  o f  s o c ie ty .  T h e  

i n v e s t i g a t o r s  f e e l  t h a t  l a r g e  d a t a  c a n  b e  u s e d  f o r  b e t t e r  

c o n c l u s i o n s .  D u e  to  l a c k  o f  a  s p e c t r u m  a n a l y z e r ,  i t  w a s  d i f f ic u l t  

t o  m e a s u r e  t h e  r a d i a t i o n  e x p o s u r e  f r o m  t h e  c e l l  p h o n e  a n d  i t s  

S A R  v a l u e .  T h e  c o m b i n e d  s t u d y  o f  S A R  v a l u e s  w i t h  a  l a r g e  n u m b e r  

o f  v o l u n t e e r s  w ill  b e  h e l p f u l  f o r  f u r t h e r  s tu d y . T h e  p r e s e n t  

s t u d y  c a n  b e  u s e d  a s  a  b a s i s  f o r  f u r t h e r  r e s e a r c h  in  t h i s  a r e a .

10.4.2 Recommendations

I t  is  s u g g e s t e d  t h a t  t h e  r a d i a t i o n  e x p o s u r e  c a n  b e  r e d u c e d  

p r a c t i c a l l y  b y  u s i n g  c e l l  p h o n e s  in  e m e r g e n c y  o n ly , c u r t a i l i n g  

t h e  t a l k  t i m e ,  a n d  c o m m u n i c a t i n g  b y  t e x t  w h e n e v e r  p o s s ib le .  

T o  e v a d e  j e o p a r d y  d u e  t o  E M R , s i m p l e  s t e p s  c a n  b e  u s e d  to  r e d u c e  

t h e  e x p o s u r e  a s  f o l lo w s :

( 1 )  T a lk  t i m e  o n  t h e  p h o n e  s h o u l d  b e  m in i m iz e d . D i s c u s s io n  

o n  a  c e l l u l a r  p h o n e  f o r  l o n g e r  t h a n  2 0  m i n  i n c r e a s e s  t h e  

t e m p e r a t u r e  o f  t h e  e a r  l o b e  a n d  t h e  b r a in .  H e n c e ,  i t  is  

s u g g e s t e d  t o  a v o i d  l o n g  c o n v e r s a t i o n s  a n d  f r e q u e n t  u s e .
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( 2 )  I f  c o n v e r s i o n  f o r  l o n g e r  p e r i o d  is  n e e d e d ,  c e l l  p h o n e  s h o u ld  

b e  k e p t  a t  m o r e  d i s t a n c e  f r o m  b o d y , e s p e c i a l l y  t h e  h e a d ,  

b e c a u s e  t h e  e x p o s u r e  le v e l  o f  r a d i a t i o n  d e c r e a s e s  w i th  

i n c r e a s e  in  d i s t a n c e  o f  t h e  c e l l  p h o n e  f r o m  t h e  b o d y . H e n c e ,  

a  h a n d s e t  s h o u l d  b e  p l a c e d  a t  l e a s t  1 5 - 1 8  c m  a w a y  f r o m  t h e  

b o d y .

( 3 )  I t  is  r e c o m m e n d e d  n o t  t o  k e e p  t h e  c e l l  p h o n e  in  c l o s e  

p r o x i m i t y  to  t h e  b o d y  s u c h  a s  in  a  s h i r t  p o c k e t  o r  o n  a  b e l t  

c lip .

( 4 )  I t  is  p r e f e r a b l e  t o  a v o id  u s e  o f  c o r d l e s s  p h o n e s  in  t h e  h o u s e .  

I t  is  s u g g e s t e d  t o  u s e  t h e  c e l l  p h o n e  o n ly  w h e n  a  u s u a l  

te l e p h o n e  is  u n a v a i l a b le .  O r d i n a r y  la n d l i n e  p h o n e  s h o u ld  

b e  u s e d  a s  t h e y  e m i t  le s s  r a d i a t i o n .

( 5 )  C e ll p h o n e s  s h o u l d  b e  u s e d  w i t h  t h e  l o w e s t  o u t p u t  p o w e r .  

T h e  s p e a k e r  p h o n e  s h o u l d  b e  u s e d  w h e n e v e r  p o s s ib le .  

T h e  s ig n a l  i n t e n s i t y  s h o u l d  b e  a lw a y s  e n s u r e d .  C e ll p h o n e  

c a l ls  s h o u l d  b e  a v o i d e d  w h e n  s ig n a l  is  w e a k  b e c a u s e  c e ll  

p h o n e  r a d i a t i o n  is  t h e  h i g h e s t  a t  t h i s  s t a g e .

( 6 )  I t  is  r e c o m m e n d e d  n o t  t o  s p e a k  o n  a  c e l l  p h o n e  i n s i d e  a  

b u s , t r a i n ,  a n d  a i r p l a n e .  C o n f in e d  a r e a s  a c c u m u l a t e  r a d i a t i o n  

a n d  a s  a  r e s u l t  r a d i a t i o n  e x p o s u r e  b e c o m e s  h i g h e r  in  t h e s e  

e n c l o s e d  m e t a l  s u r r o u n d i n g s .  C e ll p h o n e s  s h o u l d  b e  u s e d  

in  o p e n  s p a c e s  a s  o f t e n  a s  p o s s ib le .

( 7 )  T h e  u s e r  h a s  t o  r e m a i n  o u t  o f  W i - F i  f ie ld s . L o n g  t i m e  s t a y  in  

W i - F i  z o n e s  s h o u l d  b e  a v o i d e d  a s  r a d i a t i o n  is  c o n t i n u o u s .  

T h e  w i r e d  i n t e r n e t  c o n n e c t i o n s  s h o u l d  b e  p r e f e r r e d  in  

s c h o o l s ,  c o l l e g e s ,  a n d  e d u c a t i o n a l  i n s t i t u t e s .

( 8 )  I t  is  r e c o m m e n d e d  t h a t  c h i l d r e n  u n d e r  1 6  y e a r s  o f  a g e  b e  

d i s c o u r a g e d  f r o m  u s i n g  c e l l  p h o n e s  a n d  p l a y in g  g a m e s  

o n  t h e m . T h e y  a r e  m o r e  s u s c e p t i b l e  t o  R F  r a d i a t i o n  t h a n  

a d u l ts .  P r e g n a n t  w o m e n  s h o u l d  a v o i d  t h e  u s e  o f  c e l l  p h o n e s ,  

a s  d e v e l o p i n g  c h il d  is  m o r e  s u s c e p t i b l e  to  R F  r a d i a t i o n .

( 9 )  C e ll p h o n e s  s h o u l d  b e  s w i t c h e d  o f f  w h e n  n o t  in  u s e .  

D u r i n g  s l e e p ,  c e l l  p h o n e s  s h o u l d  n o t  b e  k e p t  o n  o r  u n d e r  

t h e  p illo w . I t  r e l e a s e s  s ig n a ls  in  t h e  s t a n d - b y  m o d e ,  to o .

( 1 0 )  I t  h a s  b e e n  o b s e r v e d  t h a t  f e r r i t e  b e a d  a t t a c h e d  t o  h e a d s e t  

d e c r e a s e s  R F  i n t e r f e r e n c e .  F e r r i t e  is  a  s e m i - m a g n e t i c  

s u b s t a n c e  c r e a t e d  f r o m  i r o n  o x i d e  ( r u s t )  a l l o y e d  w i t h  o t h e r  

m a t e r i a l s .  I t  is  c o m m o n l y  u s e d  o n  c o m p u t e r  c a b l e s ,  to  

r e d u c e  o r  e l i m i n a t e  r a d i o f r e q u e n c y .



( 1 1 )  F o r  p a c e m a k e r  u s e r s ,  n e c e s s a r y  p r e c a u t i o n s  s h o u l d  b e  

t a k e n  t o  n o t  k e e p  c e l l  p h o n e s  n e a r  t h e  p a c e m a k e r  c i r c u i t .  

U s e  o f  a  c e l l  p h o n e  w h i le  d r i v i n g  s h o u l d  b e  s t r i c t l y  a v o id e d .

10.4.3 Scope for Future Work

T h e  i m p o r t a n c e  o f  h e a l t h  h a z a r d s  d u e  t o  c e l l  p h o n e  a n d  c e ll  

p h o n e  t o w e r s  h a s  n o t  b e e n  s ti l l  u n d e r s t o o d  b y  a  l a y p e r s o n .  C e llu la r  

p h o n e  c o m p a n i e s  a n d  c e l l u l a r  o p e r a t o r s  c l a i m  t h a t  t h e r e  a r e  n o  

ill e f f e c ts  o f  u s i n g  c e l l  p h o n e s .  T h e r e f o r e ,  f o r  in s t a l l i n g  m o b i l e /  

c e l l  t o w e r s ,  f o l lo w in g  r u l e s  a n d  r e g u l a t i o n s  s h o u l d  b e  s t r i c t l y  

p u r s u e d .  V io la t i o n s  o f  t h e  r u l e s  s h o u l d  b e  p u n i s h a b l e  i r r e s p e c t i v e  

o f  t h e  i n c o m e  r e c e i v e d  f r o m  t h e  c o m p a n y  f o r  a l l o w i n g  t h e  

e r e c t i o n  o f  c e l l  p h o n e  t o w e r s  in  r e s i d e n t i a l  z o n e s .

( 1 )  C o n s e n t  f r o m  t h e  l o c a l  s e l f - g o v e r n m e n t  is  e s s e n t i a l  w i th  

s o m e  l i c e n s e  f e e s  a l o n g  w i th  t h e  c o n s e n t  o f  t h e  p e o p l e  

s t a y i n g  n e a r  t h e  to w e r .  C o n s e n t  f r o m  t h e  D e p a r t m e n t  o f  

T e l e c o m m u n i c a t i o n s  is  o b l i g a t o r y  w i t h  o b s e r v a t i o n s  a n d  

v i s i t s  b y  e x p e r t s .

( 2 )  R u le s  a n d  r e g u l a t i o n s  c r e a t e d  b y  t h e  T R A I h a v e  t o  b e  

o b s e r v e d  a n d  s u s t a i n e d .  T R A I s h o u l d  g u a r a n t e e  t h a t  

q u a l i t y  s e r v i c e  b e i n g  p r o v i d e d  t o  t h e  c u s t o m e r / u s e r .  In  

a d d i t i o n ,  T R A I s h o u l d  e x a m i n e  a n d  c a r r y  o u t  t h e  s u r v e y  

a b o u t  t h e  q u a l i t y  o f  s e r v i c e .  T R A I s h o u l d  p r o v i d e  d i r e c t i v e s  

t o  i m p r o v e  t h e  s e r v i c e s  a n d  t h e  q u a l i t y  o f  s e r v i c e .

( 3 )  T h e  n u m b e r  o f  t o w e r s  to  b e  e r e c t e d  s h o u l d  b e  o n  t h e  b a s is  

o f  r e q u i r e m e n t  a n d  n u m b e r  o f  t h e  c o n s u m e r s .  T o w e r s  to  

b e  e r e c t e d  s h o u l d  b e  a w a y  f r o m  h ig h ly  p o p u l a t e d  a r e a s ,  

s c h o o l s ,  a n d  h o s p i t a l s .

( 4 )  I n s t e a d  o f  a  s in g le  h u g e  t o w e r  e m i t t i n g  l a r g e r  r a d i a t i o n ,  

e r e c t i o n  o f  m u l t i p l e  s m a l l  t o w e r s  s h o u l d  b e  e n c o u r a g e d .
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