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Preface

Radiation is known to be present on our planet naturally. Naturally occurring 
radioactive materials are present in our homes, food and water, and even in the air
we breathe. In addition, radiation is present in manmade activities, including X-rays
for diagnosis and therapeutic purposes, testing of nuclear weapons, and in nuclear
plants for power generation. Depending on the type of radiation, it is important
that exposure is minimized to avoid the risk of biological harm to the human body.

This book provides knowledge on the types of radiation, the uses of radiation, 
the levels of exposure, and radiation protection. I appreciate the efforts of all 
contributing authors for sharing their knowledge and research findings in this
book. The authors are composed of researchers in different fields such as medicine, 
science, and other areas involved in the use, measurement, and management of
radiation.

This book is dedicated to all readers and I hope they will find it useful in their
respective areas of research.

The efforts of the service manager and the staff of IntechOpen are highly appreci-
ated. Their professional assistance and cooperation make the function of the editor
a walk in the park.

Dr. Otolorin Adelaja Osibote
Department of Mathematics and Physics,
Cape Peninsula University of Technology,
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Chapter 1

Introductory Chapter: Radiation 
Exposure, Dose and Protection
Otolorin Adelaja Osibote

1. Introduction

Radiation sources are known to be basically of two origins, that is, the natural or 
background radiation and artificial or man-made radiation. Natural or background 
radiation sources are grouped as those from cosmic; these are radiation from the 
space. The dose from cosmic source of radiation could vary from one location to 
another, i.e., the dose values vary in different parts of the world and also change 
with altitude. The exposure also decreases in intensity with depth in the atmosphere 
or increase with increase altitude [1].

Other natural source group is the terrestrial radiation, which is from soil, 
water and vegetation. These are radionuclides such as 238U, 234Th and 40K, and they 
contribute mostly to the external dose to human body. Radon is another example of 
naturally occurring radionuclide which is found in rock formations and can release 
higher levels of radiation that can pose health risks particularly lung cancer.

The third source of natural radiation is the internal radiation, and these are 40K, 
14C and 210Pb inside the body. These radionuclides enter the body through the inges-
tion of food, milk and water or by inhalation.

The artificial or man-made radiations are those that originate from various 
activities of man such as in consumer products, examples which include building 
materials, television receivers and tobacco products. Other activities are nuclear 
power plants for electricity/power generation, testing and using of nuclear bombs, 
decommissioning of radioactive waste, and industrial activities such as mining, 
security inspection systems use in cargo scanners and personnel security systems 
and medical purposes.

Also radiation can be categorized into types; they are ionizing and nonionizing 
radiation. Nonionizing radiation is the type of electromagnetic radiation with no 
enough energy to ionize atom, while ionizing radiation is radiation that carries 
enough energy to detach electrons from atoms causing the atom to become charged 
or ionized. Ionizing radiation has more energy than nonionizing radiation, that is, 
enough to cause chemical changes, and thereby causing damage to tissue. The ion-
izing radiation is further categorized into four types: alpha particles, beta particles, 
gamma rays and X-rays. The effects of ionizing radiation at high-dose levels are well 
known, while the effects of ionizing radiation at low doses are not yet clear. Ionizing 
radiation is used for diagnostic and therapeutic medical purposes, and there are 
advantages and disadvantages attached to the use of ionizing radiation for this 
purpose; the advantage lies in being able to diagnose and treat diseases; however, it 
can damage human cells and cause harm. Radiation doses of about 10 Sv and above 
received in a short period can cause the organs and tissues in the body to cease to 
function and may lead to death [2].
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These two categories of radiation, ionizing and nonionizing, can cause damage 
to humans. Ionizing radiation can cause cancer, heart and brain problems, while 
nonionizing radiation can cause burning of retinas, skin cancer as a result of long 
exposure to the sun [3].

Examples of natural sources of ionizing radiation include metal mining, radon 
exposure, cosmic rays from the sun and radioactive rocks and soils, while examples 
of artificial sources of ionizing radiation includes nuclear reactors, medical equip-
ment such as X-rays. Sources of natural nonionizing radiation are sunlight and 
thermal radiation, while man-made sources of nonionizing radiation are microwave 
oven, cell phones and power lines.

Most of the man-made exposure to radiation is from medical procedures. This 
can be shown from the NCRP Report No. 93, 1987, on the ionizing radiation expo-
sure of the population of the United States. Natural sources of radiation accounted 
for 82%, and medical sources are responsible for 11% of the remaining and 18% 
from man-made radiation (NCRP Report No. 160), and most of the exposure is 
from diagnostic X-rays such as examinations of computed tomography, conven-
tional radiography and fluoroscopy and interventional fluoroscopy. The average 
dose from the use of radiation for treatment purposes is much less than that from 
diagnostic purposes even though quite a number of exposures may be used in 
certain treatments such as cancer; only a small number of people are involved, and 
exposures are limited to small areas where treatment is necessary [4].

Medical use of radiation is known to be the greatest artificial source of doses 
to human beings at large. Following the improvement in technology and health-
care, this has led to an increase in the usage of radiation; this can be measured by 
the frequency of procedures and by the levels of individual and collective doses. 
Medical X-rays are responsible, in Western countries, for at least some 300 man Sv 
per million inhabitants, representing approximately 90% of man-made source. The 
common sources of radiation exposure to the population are the natural sources and 
medical irradiation [5].

The risk of radiation exposure from X-ray such as malignancy, skin damage 
and cataract is high with increasing number of examination performed. There is 
an increase in the number of procedures performed and the possibility of more 
complicated procedures such as interventional procedures that can lead to higher 
doses to patients and staff. The increasing number of computed tomography (CT) 
procedures performed also can lead to increase in the collective dose.

Since the diagnostic X-rays take the highest portion of the medical use of radia-
tion or in which human are exposed apart from the natural sources, it is therefore 
necessary that people or the population are protected which therefore necessitate 
the need for a radiation protection to be considered in order to eliminate the damage 
from unnecessary exposure. Even though, the doses from diagnostic radiology are 
much less than in the treatment of diseases, there is a need to monitor that the dose 
to the patient is not too low or too high for a particular procedure. According to 
the International Commission on Radiation Protection (ICRP), radiation protec-
tion involves the use of three techniques, and these are justification of practices, 
optimization of protection and the use of dose limits/levels. Since dose limits do not 
apply to medical exposure, optimization and justification are therefore important in 
patients using radiation for medical purposes.

The European Union Council Directive 97/43/Euratom (the Council of the 
European Union, 1997) also laid emphasis on the need of these two principles of 
justification and optimization. The principle of justification implies that the advan-
tages to the patient and the society during a radiological procedure must be more 
than the risks for the patient and the need to consider alternative techniques that do 
not involve medical radiation exposure [6].
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The principle of optimization is to keep the dose ‘as low as reasonably achiev-
able’ (ALARA principle) economic and social factors being taken into consideration 
(ICRP 60) [7]. Also ICRP in its recommendation in Publication 73 (ICRP 73) 
introduced the need for establishment and use of diagnostic reference levels (DRLs) 
to ensure that implementation guidance is available. The purpose of DRLs is not to 
be used when considering the dose to individual patients but to prevent delivery of 
unnecessary high doses as well as to be used in estimating radiation doses as a form 
of quality assurance [7].

The International Commission on Radiological Protection (ICRP) defined DRL 
as ‘a form of investigation level, applied to an easily measured quantity, usually the 
absorbed dose in air, or tissue-equivalent material at the surface of a simple phan-
tom or a representative patient,’ while the Council of the European Union defined 
DRL as ‘dose levels in medical radiodiagnostic practices or, in case of radiopharma-
ceuticals, levels of activity, for typical examinations for groups of standard-sized 
patients or standard phantoms for broadly defined types of equipment.’

DRLs settings for diagnostic radiology should not be based on patient’s doses 
measured from only well-equipped hospitals but in all types of different hospitals, 
clinics and practices. DRL values are to be established by using the 75th percen-
tile, taking into account of values that are too low or too high. DRLs are to be set 
locally, regionally or nationally and recorded on regular basis to allow for compari-
son over some time and also for the purpose of establishing database. According to 
Vassileva and Rehani [8], DRLs are indicators for a typical practice in a country or 
in a region, and since equipment and procedures can vary between different facili-
ties in countries or regions, it is therefore a good practice to establish national or 
regional DRLS. DRLs should be reviewed wherever DRLs are constantly exceeded 
and that corrective actions are taken when appropriate.

In most countries with established National Diagnostic Reference Levels 
(nDRLs), the responsibility lies with the government national authorities and 
institutes responsible for radiological protection and nuclear safety. They perform 
the function of collecting data from different hospitals or clinics with medical 
imaging facilities, analysis of the data and then give update on the DRL values. The 
established DRL values are reviewed periodically, and recommendations are made 
based on the findings.

2. Reason for DRLs

From the article on historical background on DRLs, Wall and Shrimpton [9] 
reported that national surveys of patient doses on X-ray examinations conducted 
in Europe and the USA in the 1950s showed high variations in doses from dif-
ferent hospitals which came about the need for quantitative guidance on patient 
exposure. It was reported that in the late 1980s, the dose guidelines started first in 
the USA and then in the UK and then followed in Europe, and the reference doses 
were incorporated into working documents giving Quality Criteria for Diagnostic 
Radiographic Images for adult and pediatric by European countries study groups of 
radiologists and physicists.

In 1997, the need to develop the DRLs then followed, (Council Directive 97/43/
EURATOM, 1997) which is defined as dose levels in diagnostic radiology to patients 
of standard-sized groups or standard phantoms, for particular examinations and 
as well considering different types of equipment [6]. The DRL values should not be 
exceeded for standard procedures when good and normal practice is applied. The 
main aim of a DRL is to serve as a control in using radiation for diagnostic purposes 
and by avoiding unnecessary exposure to radiation. In 1989, national reference 
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were incorporated into working documents giving Quality Criteria for Diagnostic 
Radiographic Images for adult and pediatric by European countries study groups of 
radiologists and physicists.

In 1997, the need to develop the DRLs then followed, (Council Directive 97/43/
EURATOM, 1997) which is defined as dose levels in diagnostic radiology to patients 
of standard-sized groups or standard phantoms, for particular examinations and 
as well considering different types of equipment [6]. The DRL values should not be 
exceeded for standard procedures when good and normal practice is applied. The 
main aim of a DRL is to serve as a control in using radiation for diagnostic purposes 
and by avoiding unnecessary exposure to radiation. In 1989, national reference 
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doses were first suggested for some radiographic examinations. This was followed 
by the investigation in the levels in patient doses by ICRP in 1990 and further 
developed into development of DRLs in ICRP Publication 73.

The list of medical exposure according to the United Kingdom nDRLs required 
by the Ionizing Radiation Regulations in 2000 include adult and pediatric computer 
tomography examinations, general radiography and fluoroscopy which include 
diagnostic examinations on adult and pediatrics and interventional procedures on 
adult and dental radiography.

3. Regulatory bodies on the use of ionizing radiation and DRLs

The regulatory bodies on the use of radiation include the following 
organizations:

3.1  United Nations Scientific Committee on the Effects of Atomic Radiation, 
UNSCEAR

UNSCEAR, which was established in 1955 with the mandate to undertake broad 
assessments of the sources of ionizing radiation and its effects on human health and 
the environment, provides the service of assessing global levels and effects of ionizing 
radiation as well as providing scientific basis for radiation protection. The use of radia-
tion for medical purposes could be of positive applications; it is a reality that X-rays 
can cause biological harm or injury to humans [10]. Reports from developed countries 
indicated that the use of ionizing radiation for diagnostic purpose is estimated to be 
about 1 mSv per capital annual. At this dose level, the estimated annual additional 
cancer mortality is 0.5 per 10,000 persons of a general population basing on the addi-
tive risk model of the United Nations Scientific Committee on the Effect of Atomic 
Radiation (UNSCEAR). In its report in 2008, UNSCEAR Report No. 1 reported an 
increase in the total number of diagnostic medical examinations from 2.4 to 3.6 billion; 
this is an increase of almost 50% from its previous study in 1991–1996. The use of 
high-dose X-ray techniques such as the computed tomography scanning is leading 
to growth in the annual number of procedures in many countries thereby increasing 
the collective dose. It is estimated that the total collective effective dose from medical 
diagnostic examinations have increased by 1.7 million man Sv, that is, it rises from 
about 2.3 million to about 4 million man Sv, which gives an increase of about 70% [11].

3.2 International Atomic Energy Agency (IAEA)

IAEA develops safety standards to protect the health and minimize the danger to 
people’s life and property associated with the use of ionizing radiation in medicine, 
etc. IAEA focuses on ensuring that radiation doses to patients commensurate with 
the medical purpose, thereby preventing patients from being exposed to unneces-
sary and unintended radiation. To ensure that radiation protection and safety of 
radiation sources in medical uses of ionizing radiation, the IAEA Safety Guide on 
Radiation Protection and Safety in Medical Uses of Ionizing Radiation (2018) was 
published to provide recommendations and guidance on fulfilling the requirements 
of IAEA Safety Standards series No GSR Part 3 [12].

According to the report from the IAEA office of Public Information and 
Communication, DRLs is a tool for comparing diagnostic imaging procedures 
in a country which include adults and children of different ages and weights in 
examinations in X-rays, CT, image-guided interventional procedures or nuclear 
medicine procedure. Each facility needs to set their DRL and then compare with 
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local, national or regional doses. The newsletter report also mentioned the need 
to track radiation dose data to improve practice and reduce doses without loss of 
diagnostic quality. As well as prevent unnecessary exposures.

International Atomic Energy Agency also states that DRLs should be set locally, 
regionally or even nationally. IAEA also agreed to set the nDRLs at the third quartile 
values, and they could not be considered as optimum dose but in identifying unusual 
practices. According to IAEA, the government is responsible for the establishment 
of DRLs and to involve health authority, the professional bodies and the regulatory 
body. IAEA also identifies DRLs as a tool in radiation protection of the patients.

3.3 The International Commission on Radiological Protection (ICRP)

The primary aim of radiological protection, as stated in ICRP Publication 60, 
is ‘to provide an appropriate standard of protection for mankind without unduly 
limiting the beneficial practices giving rise to radiation exposure’ [13].

According to the International Commission on Radiological Protection (ICRP) 
in its international recommendations, ICRP 60, (ICRP 19), the focus is on the 
principles of justification and optimization of all radiation exposures in diagnostic 
radiology. Another recommendation, which is the ICRP 85, [14], focused on the 
risk of skin damage from interventional radiology. In 2007 in its publication (ICRP 
Publication 103), ICRP presented the revised recommendations for radiological 
protection followed by ICRP Publication 118 (2012) published on deterministic 
effects of ionizing radiation. ICRP makes recommendations only, and it is the 
responsibility of government of individual countries to implement those recom-
mendations through legislation appropriate for their own country.

3.4 World Health Organization (WHO)

According to the World Health Organization (WHO), there are established 
relevant guidelines that have to be considered in each type of diagnostic procedure 
[15–17]. Human exposure to radiation for medical research is considered as not 
justified unless it is in accordance with the provisions of the Helsinki Declaration 
[18] and follows the guidelines for its application prepared by the Council for 
International Organizations of Medical Sciences [19] and WHO [20].

The WHO in 2008 launched a Global Initiative on Radiation Safety in Health 
Care Settings (GIRSHCS), thereby facilitating the adoption and applications of 
regulations, in the evaluation of radiation medicine and medical imaging proce-
dures. WHO also facilitates training on the use of appropriate technologies as well as 
publishing and disseminating guidance tools and technical documents. In 2012, the 
WHO presented report of its Radiation Risk Communication in pediatric imaging 
workshop on the need to develop and implement a risk communication tool in order 
to create the awareness of radiation risks and exposure in pediatric procedures [21].

3.5 National Council on Radiation Protection and Measurements (NCRP)

National Council on Radiation Protection and Measurements Report No. 160 
(1993) focused on the biological effects of ionizing radiation such as cancer, cardio-
vascular disease and cataracts, while its Report No. 180 focused on the management 
of exposure to ionizing radiation and expressed radiation protection principles as 
justification, optimization of protection and numeric protection criteria, i.e., the 
management of dose to an individual. This means that the protection criteria is 
the first objective when there is a numeric protection for a specific exposure; then 
the optimization of protection should follow [22, 23].
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local, national or regional doses. The newsletter report also mentioned the need 
to track radiation dose data to improve practice and reduce doses without loss of 
diagnostic quality. As well as prevent unnecessary exposures.

International Atomic Energy Agency also states that DRLs should be set locally, 
regionally or even nationally. IAEA also agreed to set the nDRLs at the third quartile 
values, and they could not be considered as optimum dose but in identifying unusual 
practices. According to IAEA, the government is responsible for the establishment 
of DRLs and to involve health authority, the professional bodies and the regulatory 
body. IAEA also identifies DRLs as a tool in radiation protection of the patients.

3.3 The International Commission on Radiological Protection (ICRP)

The primary aim of radiological protection, as stated in ICRP Publication 60, 
is ‘to provide an appropriate standard of protection for mankind without unduly 
limiting the beneficial practices giving rise to radiation exposure’ [13].

According to the International Commission on Radiological Protection (ICRP) 
in its international recommendations, ICRP 60, (ICRP 19), the focus is on the 
principles of justification and optimization of all radiation exposures in diagnostic 
radiology. Another recommendation, which is the ICRP 85, [14], focused on the 
risk of skin damage from interventional radiology. In 2007 in its publication (ICRP 
Publication 103), ICRP presented the revised recommendations for radiological 
protection followed by ICRP Publication 118 (2012) published on deterministic 
effects of ionizing radiation. ICRP makes recommendations only, and it is the 
responsibility of government of individual countries to implement those recom-
mendations through legislation appropriate for their own country.

3.4 World Health Organization (WHO)

According to the World Health Organization (WHO), there are established 
relevant guidelines that have to be considered in each type of diagnostic procedure 
[15–17]. Human exposure to radiation for medical research is considered as not 
justified unless it is in accordance with the provisions of the Helsinki Declaration 
[18] and follows the guidelines for its application prepared by the Council for 
International Organizations of Medical Sciences [19] and WHO [20].

The WHO in 2008 launched a Global Initiative on Radiation Safety in Health 
Care Settings (GIRSHCS), thereby facilitating the adoption and applications of 
regulations, in the evaluation of radiation medicine and medical imaging proce-
dures. WHO also facilitates training on the use of appropriate technologies as well as 
publishing and disseminating guidance tools and technical documents. In 2012, the 
WHO presented report of its Radiation Risk Communication in pediatric imaging 
workshop on the need to develop and implement a risk communication tool in order 
to create the awareness of radiation risks and exposure in pediatric procedures [21].

3.5 National Council on Radiation Protection and Measurements (NCRP)

National Council on Radiation Protection and Measurements Report No. 160 
(1993) focused on the biological effects of ionizing radiation such as cancer, cardio-
vascular disease and cataracts, while its Report No. 180 focused on the management 
of exposure to ionizing radiation and expressed radiation protection principles as 
justification, optimization of protection and numeric protection criteria, i.e., the 
management of dose to an individual. This means that the protection criteria is 
the first objective when there is a numeric protection for a specific exposure; then 
the optimization of protection should follow [22, 23].



Ionizing and Non-ionizing Radiation

8

Author details

Otolorin Adelaja Osibote
Department of Mathematics and Physics, Cape Peninsula University of Technology, 
Cape Town, South Africa

*Address all correspondence to: osibotea@cput.ac.za

4. Conclusion

The use and exposure of humans to ionizing and nonionizing form of radiation 
is of various purposes. Radiation exposure cannot be entirely avoided on this planet, 
taking into account how much radiation people receive from natural sources. The 
proper use of radiation can be of immense benefits. The sources and categories of 
radiation exposure, the various use of ionizing radiation and the principles of radia-
tion protection to avoid unnecessary exposure to high level of radiation dose from 
the use of ionizing radiation have been discussed in this chapter.

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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The Effect of Repeated 
Electromagnetic Fields 
Stimulation in Biological Systems
Felipe P. Perez, James Rizkalla, Matthew Jeffers, Paul Salama, 
Cristina N. Perez Chumbiauca and Maher Rizkalla

Abstract

The effects of electromagnetic fields on living organs have been explored with 
the use of both biological experimentation and computer simulations. In this 
paper we will examine the effects of the repeated electromagnetic field stimulation 
(REMFS) on cell cultures, mouse models, and computer simulations for diagnostic 
purposes. In our biological experiments we used 50 MHz and 64 MHz since this is 
approved in MRI systems. REMFS upregulated pathways that control the aging pro-
cess such as proteostasis. REMFS delayed and reversed cellular senescence in mouse 
and human cell cultures. More recently we determined that REMFS decreases 
toxic protein beta amyloid levels, which is the cause of Alzheimer’s disease (AD), 
in human neuronal cultures. The mechanism of these effects is the reactivation of 
the heat shock factor 1 (HSF1). HSF1 activation is a quantum effect of the EMF-
oscillations on the water that surrounds a long non-coding RNA, allowing it to then 
bind and activate the HSF1. We also performed electromagnetic (EM) computer 
simulations of virtual prototypes of bone cancer, femur fracture, and diabetic foot 
ulcers utilizing different frequencies and power applications to build an accurate 
differential diagnosis. These applications indicate the feasibility of subsequent 
practical models for diagnosing and treating human diseases.

Keywords: electromagnetic, aging, Alzheimer’s, simulation, diagnosis, treatment

1. Introduction

Living organisms interact with and adapt to the EMF environment. This dis-
covery has ignited interest in the analysis of the EMF-biological systems [1–4]. 
Researchers imagine that precise tuning of experimental and clinical REMFS expo-
sure could lead to favorable health results including the development of treatment 
and diagnostic devices [5, 6]. REMFS exposures produce the activation of multiple 
biological pathways, including changes in Ca2+ regulation [7, 8], channel activity [9], 
enzyme activity [10], RNA and DNA synthesis [11–13], expression of microRNA 
[14–16], free radical processes in the genetic effects of EMF [17–19], decreasing 
oxidative stress [20–24], activation of the heat shock response [25], activation of 
the heat shock factor 1 (HSF1) [26], cytoprotecting [27], growth behavior [11, 28], 
activation of the ubiquitin-proteasome [29–31], autophagy-lysosome systems [32], 
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inflammation [33–35], mitochondrial enhancement [36], neuronal activity [37], and 
a reduction in β-secretase activity [38].

Here, we will focus on studies performed on the REMFS spectrum 
(50–918 MHz) to explain the mechanism by which non-ionizing, non-thermal, 
non-modulated, continuous waves cause biological effects. We will use our and 
other researchers’ recent results on human cell cultures and mouse AD models to 
explain this interaction. Initially, the frequency used in our REMFS experiments 
was 50 MHz with a specific absorption rate (SAR) of 0.5 W/kg. We found that these 
exposures upregulated the heat shock factor-1 (HSF1) in human lymphocytes and 
mouse fibroblasts [39]. HSF1 upregulation increased 70-kDa heat shock protein 
(HSP70) levels and delayed cellular senescence and death in these cell cultures 
[39]. Our recent data [40] demonstrated that cultures treated with REMFS at 
64 MHz, with a SAR of 0.6 W/kg for 1 h daily for 21 days, had significantly reduced 
(p = 0.001) levels of Aβ40 peptide, compared to untreated cultures [40]. We also 
demonstrated a quantitative reduction of Aβ levels in primary human neuron 
cultures after different times and power protocols. There are further therapeutic 
implications of REMFS based on the improved cognitive function noted by lower-
ing of Aβ levels in several AD mouse model studies performed by other investiga-
tors using 918 MHz exposures [36–38, 41].

The aforementioned biological effects demonstrate that REMFS is a multi-
target strategy with potentially therapeutic implications on human diseases. In 
fact, among the biological effects observed, results of our experiments promote 
the capacity of REMFS to influence various networks of physiological functions 
that are dysregulated in the aging process and in Late Onset Alzheimer’s disease 
(LOAD) [39, 40, 42].

2. Quantum mechanism of REMFS

The low energy (2–37 eV−7) of the REMFS exposures is not able to cause any 
chemical change under the provision of classical physics, since the atoms or mol-
ecules pass through a potential barrier that they theoretically cannot overcome [43]. 
Our main challenge is to explain the mechanism of the REMFS-biological system 
interaction. There is a disparity between the low energy carried by the REMFS per-
turbation and the response of the biological system. The REMFS biological system 
interaction is a paradox from the classical point of view as it enables elementary 
particles and atoms to penetrate an energetic barrier without the need for sufficient 
energy to overcome it. To solve this paradox we have to look into the quantum scale 
and examine non-classical physical phenomenon such as wave-particle duality and 
quantum tunneling [44].

Despite this difficulty here we will describe a plausible sequence of events and 
a mathematical model for the REMFS-interaction. First we need to consider the 
REMFS perturbation as a time dependent adiabatic perturbation of water (the 
most likely receptor for REMFS), specifically the H bond network of the interfacial 
water [45]. REMFS subjects the quantum system, in the form of the H bond, to 
gradually changing external conditions giving the quantum system sufficient time 
for the functional form to adapt [46]. The probabilities of quantum transitions of 
the adiabatic change in the frequency of the quantum system have been calculated 
previously on the example of the harmonic oscillator [47].

The reason for the REMFS biological effects rests on the difference between the 
man-made EMF, and the natural EMF [48]. Man-made EMF waves are produced 
by parallel EMF oscillating circuits, whereas natural electromagnetic radiation is 
produced by atomic events such as nuclear fusion from the sun releasing infrared, 
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visible, ultraviolet, X-rays [48]. For this reason, man-made RF-EMF vibrations 
occur in a single plane, so they are polarized in contrast to the multi plane vibra-
tions from the natural EMF waves. This polarization would explain the differences 
in the biological effects of man-made versus natural RF-EMF. The polarized 
RF-EMF exposure has the ability to force all charged/polar molecules and chemical 
bonds to oscillate on parallel planes, and in phase with the applied polarized field 
[48, 49]. This external excitatory oscillation forces the exposed physical or chemical 
system to vibrate at the excitatory frequency changing the frequency of the system 
to the excitatory frequency [50, 51]. One of the targets of this driven oscillation is 
the hydrogen bond (HB) network of the first layer of the interfacial water (FLIFW) 
that surrounds an RNA which in the case of REMFS is a long non-coding RNA 
(HSR1) [52, 53]. The REMFS oscillations are absorbed by the HB which then acts as 
a driven quantum harmonic oscillator [54]. This HB responds to REMFS increasing 
its vibration amplitude [55] with the consequent decreased distance in the direction 
of the nucleic acid [56]. Since the tunnel probability is proportional to the square 
of the amplitude, the tunneling probability is increased. REMFS induced quantum 
tunneling allows proton transfer from the interfacial water to the nucleic acids of 
RNA [57]. The protonation of the nucleic acid results in tautomeric interconversions 
[58] with the consequent conformational changes. In the case of the REMFS, a long 
non-coding RNA called Heat shock RNA (HSR1) changes from a close to an open 
structure [53] able to bind and activate HSF1 to initiate the expression of several 
heat shock proteins and chaperones including HSP70 [39].

3. REMFS mathematical model

We developed a mathematical model of the REMFS and biological systems 
interaction at the quantum level. We hypothesized the quantum effects of REMFS 
that explain how a low energy exposure is able to produce biochemical changes. For 
clarity, we divided them into 3 stages with the consequent three equations  
(see Figure 1).

Stage 1. The oscillating REMFS energy causes a time dependent adiabatic per-
turbation on the first layer of the interfacial water (FLIFW). REMFS perturbs the 
HB from FLIFW to the oxygen (O) of the “Guanine of the RNA” (GRNA). Under 
REMFS the H bond of the FLIFW acts as a driven quantum harmonic oscillator 
increasing the amplitude of the HB vibrations. The following equation estimates the 
increase in the amplitude of HB vibration when it acts as a driven quantum har-
monic oscillator system under REMFS [59]. See following time dependent equation 
from Piilo et al. to find the amplitude change under REMFS:

  F (t) =   A cos  (ωt + φ)  ___________ 
 √ 
_

 2mħ  ω  0    
     (1.1)

We will obtain the change in the amplitude of the H bond vibration under 
REMFS:

  A =   F  (t)   √ 
_

 2mħ  ω  0     ___________ cos  (ωt + φ)     (1.2)

Where A describes the amplitude and ω the oscillation frequency of the periodic 
force,   ω  0    is the frequency of the oscillator, m is the mass of the oscillator, φ is the 
phase of the driving field, t is the time of the exposure, F(t) is the time dependent 
periodic force, and ħ is the reduced Planck’s constant.

Stage 2. The increased HB vibration amplitude induced by REMFS triggers 
shortening of the HB of the FLIFW to O of the GRNA. The calculated distance 
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inflammation [33–35], mitochondrial enhancement [36], neuronal activity [37], and 
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visible, ultraviolet, X-rays [48]. For this reason, man-made RF-EMF vibrations 
occur in a single plane, so they are polarized in contrast to the multi plane vibra-
tions from the natural EMF waves. This polarization would explain the differences 
in the biological effects of man-made versus natural RF-EMF. The polarized 
RF-EMF exposure has the ability to force all charged/polar molecules and chemical 
bonds to oscillate on parallel planes, and in phase with the applied polarized field 
[48, 49]. This external excitatory oscillation forces the exposed physical or chemical 
system to vibrate at the excitatory frequency changing the frequency of the system 
to the excitatory frequency [50, 51]. One of the targets of this driven oscillation is 
the hydrogen bond (HB) network of the first layer of the interfacial water (FLIFW) 
that surrounds an RNA which in the case of REMFS is a long non-coding RNA 
(HSR1) [52, 53]. The REMFS oscillations are absorbed by the HB which then acts as 
a driven quantum harmonic oscillator [54]. This HB responds to REMFS increasing 
its vibration amplitude [55] with the consequent decreased distance in the direction 
of the nucleic acid [56]. Since the tunnel probability is proportional to the square 
of the amplitude, the tunneling probability is increased. REMFS induced quantum 
tunneling allows proton transfer from the interfacial water to the nucleic acids of 
RNA [57]. The protonation of the nucleic acid results in tautomeric interconversions 
[58] with the consequent conformational changes. In the case of the REMFS, a long 
non-coding RNA called Heat shock RNA (HSR1) changes from a close to an open 
structure [53] able to bind and activate HSF1 to initiate the expression of several 
heat shock proteins and chaperones including HSP70 [39].

3. REMFS mathematical model

We developed a mathematical model of the REMFS and biological systems 
interaction at the quantum level. We hypothesized the quantum effects of REMFS 
that explain how a low energy exposure is able to produce biochemical changes. For 
clarity, we divided them into 3 stages with the consequent three equations  
(see Figure 1).

Stage 1. The oscillating REMFS energy causes a time dependent adiabatic per-
turbation on the first layer of the interfacial water (FLIFW). REMFS perturbs the 
HB from FLIFW to the oxygen (O) of the “Guanine of the RNA” (GRNA). Under 
REMFS the H bond of the FLIFW acts as a driven quantum harmonic oscillator 
increasing the amplitude of the HB vibrations. The following equation estimates the 
increase in the amplitude of HB vibration when it acts as a driven quantum har-
monic oscillator system under REMFS [59]. See following time dependent equation 
from Piilo et al. to find the amplitude change under REMFS:
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We will obtain the change in the amplitude of the H bond vibration under 
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Where A describes the amplitude and ω the oscillation frequency of the periodic 
force,   ω  0    is the frequency of the oscillator, m is the mass of the oscillator, φ is the 
phase of the driving field, t is the time of the exposure, F(t) is the time dependent 
periodic force, and ħ is the reduced Planck’s constant.

Stage 2. The increased HB vibration amplitude induced by REMFS triggers 
shortening of the HB of the FLIFW to O of the GRNA. The calculated distance 
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between the H from the first layer of the interfacial water and the Oxygen of the 
RNA Oxygen is 1.85 Å [60]. This value is very short, predisposing the H for quan-
tum tunneling. The following equation estimates the change in HB shortening as a 
function of the amplitude of the oscillation [61].

To find the variation of the HB distance we will use the equation from Samdal 
et al. using the average over the inter-nuclear configurations of the interfacial water 
and the RNA nucleic acids (   r  a  exp  )     which is given as:

   r  a  exp  =  〈r〉  = ∫  F  r   (q)  P (q) d q   (2.1)

Fr(q) = variation of bond distance; P(q) = probability function.
The equation of P(q) in the classical Boltzmann approximation is:

  P (q)  = 1 / N∫ exp  (−   V (q)  _ RT  ) dq  (2.2)

This equation predicts the shortening of the HB of the interfacial water under 
the time dependent perturbation caused by REMFS.

Stage 3. Shortening of the H bond decreases distance from the H from the 
FLIFW to the O from the GRNA. This will increase the probability of proton tun-
neling. The following equation estimates the quantum tunneling probability when 
barrier thickness or distance decreases [43].

  −    ℏ   2  _ 2m      d   2  Ψ (x)  _ 
d  x   2 

   =  (E −  U  0  ) Ψ (x)    (3)

 Ψ = A  e   −𝛼𝛼x  , where  α =  √ 
_

   2m ( U  0   − E)  _ 
 ℏ   2. 

     
Where E is a particle of energy, U0 is the height of the barrier, and E < U0. 

Also where m is the mass, d is the thickness of the barrier, α is the attenuation 
factor.

These three equations formed the mathematical model that is able to predict 
how the time dependent perturbation caused by REMFS affects the HB network of 
the first layer of the interfacial water. This HB acts as a quantum harmonic oscillator 
to produce proton tunneling and the protonation of the nucleic acids of the sur-
rounding RNA to produce biological effects.

Figure 1. 
REMFS quantum effects on the first layer of the interfacial water of the RNA. REMFS (repeated electromagnetic 
field stimulation).
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4. REMFS biological effects

4.1 REMFS effects in aging and age-related diseases

Multiple studies have found that repeated mild heat-shock (RMHS) produce 
beneficial effects on human fibroblasts experiencing in vitro senescence [62]. 
This prompted our laboratory to study the effects of a similar electromagnetic 
stimuli but instead applying lower frequency energy and therefore less risk 
of producing heat damage (430 THz vs. 64 MHz). The fact that the energy of 
the REMFS exposures are several orders of magnitude lower energy that heat 
exposure, yet both heat and REMFS are able to activate the HSR, makes REMFS a 
more suitable and safer strategy to activate this biological pathway to prevent and 
treat age-related diseases. We hypothesized that these exposures would produce 
anti-aging changes such as delay of in vitro senescence, would also lead to retar-
dation of progressive cell enlargement, prevention of development of abnormal 
proteins, increased glutathione, and decrease in age-dependent glycosylation 
[63], as well as maintenance of youthful morphology, increased proteasome 
activity, increased levels of various heat shock proteins (HSP’s), increased resis-
tance against oxidative abilities, and UV-A irradiation similar to repeated mild 
heat shock [64]. Interestingly many of these anti-aging effects are produce by the 
heat shock response (HSR) elements [65]. In fact, attenuation in the HSR during 
senescence is the earliest event in the aging process, and is characterized by loss of 
proteostasis [66] that comes as a result of decreased heat shock factor-1 (HSF1) 
DNA-binding [67].

4.1.1 REMFS delays cellular senescence

Originally our laboratory utilized a frequency of 50 MHz, a power of 0.5 W, 
and a specific absorption rate (SAR) of 0.6 W/kg to expose different types of cell 
cultures applying different dose regimes [39]. REMFS treated cell cultures showed 
anti-aging effects. The proposed mechanism is the activation of HSF1 when REMFS 
releases HSF1 from its repressor Hsp90 to activate it. This study suggests that EMF 
exposure directly interacts with the HSF1-Hsp90 complex, releasing HSF1 for 
activation preparing it for following injuries. Our experiments also revealed that 
REMFS increased the population doublings number and changed the morphology 
of the cells to youthful appearance near the end of their replicative life in wild type, 
but not in the knockout HSF1 cell cultures. REMSF also decreased cell mortal-
ity in human T-cells. Remarkably, REMFS also increased HSF1 phosphorylation, 
enhanced HSF1-DNA binding, and improved HSP70 expression relative to non-
treated cells [39].

We hypothesized a mechanism in which REMFS oscillation produces increase 
amplitude of the hydrogen bond of the interfacial water, therefore increasing the 
probability of proton tunneling. This proton transfer between the hydrogen bond of 
the interfacial water and the oxygen of the adjacent nucleic acids of the heat-shock-
RNA1 (HSR1) will protonate the nucleic acid to form tautomers [58] that will cause 
conformational changes in this long non-coding RNA [68]. This secondary struc-
ture would be able to bind HSF1 and activate it by dissociation from the repressor 
chaperone HSP90 [39]. Then, activated HSF1 enters the nucleus and binds DNA to 
induce expression of beneficial chaperones and, ultimately, the promotion of anti-
aging and proteostasis effects [69]. The REMSF exposure utilized here is a potential 
new strategy to treat age-related diseases such as Alzheimer’s. We will examine 
the experiments from REMFS exposures in human neuronal cultures [40] and the 
studies from other investigators in AD mouse models [41].
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between the H from the first layer of the interfacial water and the Oxygen of the 
RNA Oxygen is 1.85 Å [60]. This value is very short, predisposing the H for quan-
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proteostasis [66] that comes as a result of decreased heat shock factor-1 (HSF1) 
DNA-binding [67].
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cultures applying different dose regimes [39]. REMFS treated cell cultures showed 
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releases HSF1 from its repressor Hsp90 to activate it. This study suggests that EMF 
exposure directly interacts with the HSF1-Hsp90 complex, releasing HSF1 for 
activation preparing it for following injuries. Our experiments also revealed that 
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but not in the knockout HSF1 cell cultures. REMSF also decreased cell mortal-
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aging and proteostasis effects [69]. The REMSF exposure utilized here is a potential 
new strategy to treat age-related diseases such as Alzheimer’s. We will examine 
the experiments from REMFS exposures in human neuronal cultures [40] and the 
studies from other investigators in AD mouse models [41].
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4.1.2 REMFS in human neurons

One of the hallmarks of the aging process is the decrease of the proteostasis due 
to attenuation of the HSF1 which produce protein aggregation [42]. Alzheimer’s 
is the most common protein deposition disease, it is caused by beta amyloid (Aβ) 
aggregation. Our recent study showed that REMFS decreased Aβ levels in human 
neuronal cultures [40]. REMFS decreased Aβ 1–40 and Aβ 1–42 levels. Importantly, 
it did not cause any toxicity in the neuronal cultures. We tested several REMFS 
parameters such as time of exposure, frequency, etc. to define any change in the 
levels of Aβ. Initially we used REMFS treatments at 64 MHz with a SAR of 0.6 W/
kg daily for 1 h for 21 days. Results showed a decrease of 58.3% in Aβ 1–40 levels. 
We also found that these treatments did not cause any toxicity to the cultures 
compared to control, non-treated cells as measured by LDH levels, cell morphology, 
cell attachment, cell number, or neurite extension. Subsequently, we decided to 
determine if 14 days of REMFS at 64 or 100 MHz with a lower SAR of 0.4 W/kg also 
decreased the Aβ 1–42 levels. We found that there was a similar significant differ-
ence in the Aβ 1–42 levels when we increased the exposure time from 1 to 2 h or 
when we put the chamber outside the incubator. When we increased the frequency 
from 64 to 100 MHz; we found a similar beneficial effect in Aβ 1–42 levels. This 
suggest that REMFS at 64 MHz with a SAR of 0.4 W/kg for 1 h could be the minimal 
energy required to induce reduction of the Aβ peptides levels, these results are 
important for future clinical trials. All these suggest that the decrease of Aβ levels 
in cell cultures were mediated by the activation of the proteostasis master regula-
tor HSF1 [39], this activated HSF1 would increase the expression of chaperones to 
induce Aβ degradation.

4.1.3 REMFS in AD mouse models

The first REMFS study that prevented cognitive impairment in a transgenic (Tg) 
AD mouse model “Transgene with human APP gene bearing the Swedish mutation” 
(AβPPsw) was performed with a pulsed/modulated RF-EMF at 918 MHz which 
produced a SAR of 0.25–1.05 W/kg over a 7–9 month period [41]. Non-treated Tg 
mice showed cognitive impairment in memory tests, on the other hand treated Tg 
mice preserved memory after 6–7 months of REMFS treatment. A more recent 
REMFS experiment applying daily exposures for a two-month period in older Tg 
mice (21–27 months) showed improvement in the Y-maze task (memory test), 
though did not show improvement in more complex tests after 2 months of REMFS 
[36]. Also the old non-treated Tg had very high levels of Aβ deposition in most areas 
of the brain. Conversely, the EMF-treated Tg mice exhibited an impressive 24–30% 
removal of Aβ deposits, suggesting a disaggregation of pre-existing Aβ deposits 
following 2 months of daily EMF treatment. More importantly, these long-term 
(daily for up to 9 months) exposure schedules were found to be very safe because 
they did not demonstrate any harmful effects including, no effects on brain oxidative 
stress or abnormal brain histology, no significant brain heating, no damage to DNA 
in circulating blood cells, and no gross changes to peripheral tissues. Another study 
performed at a higher frequency (1950 MHz, SAR 5 W/kg, 2 h/day, 5 days/week) 
was also found to ameliorate AD pathology in Tg-5xFAD and wild type (WT) mice 
exposed to REMFS for 8 months [38]. Remarkably, long-term REMFS significantly 
decreased not only Aβ plaques, APP, and APP carboxyl-terminal fragments in whole 
brain (including hippocampus and entorhinal cortex), but also inhibited the paren-
chymal expression of beta-amyloid precursor protein cleaving enzyme 1 (BACE1) 
and neuro-inflammation. Additionally, REMFS recovered memory impairment in 
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AD mice. Furthermore, treated Tg showed expression of 5 genes (Tshz2, Gm12695, 
St 3 gal1, Isx and Tll1), which are associated with Aβ metabolism. We found that 
these genes are significantly altered inTg-5xFAD mice, showing diverse responses to 
the treatments in the hippocampus of wild control and transgenic mice. Treatment 
in wild type mice showed no difference than control Tg. Conversely, REMFS-treated 
Tg group showed contrasting gene expression arrays. All these findings suggest 
REMFS treatments positively alter Aβ deposition and metabolism in AD, but not in 
wild type mice [38].

Together, human neurons and AD model mouse experiments suggest that 
REMFS exposures decrease Aβ at the extra and intra cellular levels. Different from 
the clinical trials with active and passive immunization, REMFS did not cause 
encephalitis or inflammation. REMFS has important effects in preventing and 
decreasing brain Aβ deposition, therefore making REMFS a potential therapeutic 
strategy in the treatment of advanced AD patients who have massive Aβ aggregation 
in the brain.

4.1.4 REMFS potential therapeutic strategy

Considering the REMFS effects in Tg AD mice, the results on primary neuronal 
cultures are very promising as the REMFS parameters such as frequency and SAR 
we applied creates an appropriate and safe potential new therapeutic strategy for 
human exposures. However, before we exposed humans to this type of RF radia-
tion, we need to recognize that extrapolating effects of mice exposure to effects of 
human exposure is complex. The mouse’s geometry, size, tissue penetration, tissue 
dielectric properties are significantly different from that of a human and therefore 
the external fields produced during the 915 MHz exposure would result in quite 
different internal fields. Internal fields are the electromagnetic fields inside the 
object, and not the electromagnetic fields incident upon the object. The energy 
absorbed by an object is directly related to its internal field. Consequently, it is 
imperative to determine what type of external fields could yield the same internal 
fields in mouse and human. An important EMF parameter to contemplate is tissue 
penetration; we should consider that tissue penetration is inversely proportional to 
the EMF frequency. For example, 918 MHz (frequency used in mouse experiments 
and cell phone) has a skin penetration of less than 4 cm in a human head, while 
it is a whole-body exposure for a mouse. Human head thickness for an adult male 
is around 19.4 cm, so to irradiate the center of a human head the exposure should 
have a skin penetration of minimum of 9.7 cm. This demonstrates that the 918 MHz 
frequency is not able to reach important deep brain areas such as the hippocam-
pus. Additionally, 918 MHz produced a greater energy than REMFS, so rising the 
thermal injury risk. Instead, REMFS exposure (64 MHz) has a skin penetration of 
13.49 cm, similar to the 14.5 width of a human head making it suitable for a human 
head.

Using similarities in dosimetry between cell cultures, animal exposure, human 
phantom exposure, and computer simulation it is possible to adjust conditions for 
human exposure [70]. Thus, we used frequencies more suitable for human expo-
sures (50–75 MHz). The basis for these frequencies was:

1. MRI machines has been used 64 MHz for several decades giving a safe exposure 
that is similar to the 50 and 64 MHz used in our previous experiments [39].

2. It is similar to the human whole body resonant frequency (75 MHz), [71] at this 
frequency the body absorbs up to 10 times as much as power as when it is not in 
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4.1.2 REMFS in human neurons
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AD mice. Furthermore, treated Tg showed expression of 5 genes (Tshz2, Gm12695, 
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strategy in the treatment of advanced AD patients who have massive Aβ aggregation 
in the brain.

4.1.4 REMFS potential therapeutic strategy

Considering the REMFS effects in Tg AD mice, the results on primary neuronal 
cultures are very promising as the REMFS parameters such as frequency and SAR 
we applied creates an appropriate and safe potential new therapeutic strategy for 
human exposures. However, before we exposed humans to this type of RF radia-
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penetration; we should consider that tissue penetration is inversely proportional to 
the EMF frequency. For example, 918 MHz (frequency used in mouse experiments 
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it is a whole-body exposure for a mouse. Human head thickness for an adult male 
is around 19.4 cm, so to irradiate the center of a human head the exposure should 
have a skin penetration of minimum of 9.7 cm. This demonstrates that the 918 MHz 
frequency is not able to reach important deep brain areas such as the hippocam-
pus. Additionally, 918 MHz produced a greater energy than REMFS, so rising the 
thermal injury risk. Instead, REMFS exposure (64 MHz) has a skin penetration of 
13.49 cm, similar to the 14.5 width of a human head making it suitable for a human 
head.

Using similarities in dosimetry between cell cultures, animal exposure, human 
phantom exposure, and computer simulation it is possible to adjust conditions for 
human exposure [70]. Thus, we used frequencies more suitable for human expo-
sures (50–75 MHz). The basis for these frequencies was:

1. MRI machines has been used 64 MHz for several decades giving a safe exposure 
that is similar to the 50 and 64 MHz used in our previous experiments [39].

2. It is similar to the human whole body resonant frequency (75 MHz), [71] at this 
frequency the body absorbs up to 10 times as much as power as when it is not in 
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resonance [72]. Consequently, we would need to apply less power and achieve 
the minimum SAR that could achieve biological effect, a safer exposure com-
pared to high energy fields. This would decrease the complexity of the EMF-bi-
ological system interaction decreasing the heat production from the exposure.

The physical and biological conditions of the exposed target would affect the EMF param-
eters of the exposures concerning the case under study [73].

3. Our REMFS exposures produced a SAR (0.4–0.9 W/kg) well below the value 
limits values of 2 W/kg set by the Institute of Electrical and Electronics En-
gineers (IEEE) [40], so offering a safe framework for clinical trials [39]. The 
REMFS parameter for human exposures will range from daily to twice weekly, 
with a length extending from 30 min to 1 h for several months founded on hu-
man neurons and AD mouse studies [36, 37, 39–41].

4.1.4.1 REMFS anti-aging effects

In our previous studies, we determined that REMFS enhanced the HSF1-DNA 
and delayed the aging process. Taking into consideration that the decline in proteo-
stasis is the earliest event in the aging process and that it is caused by attenuation of 
the HSF1-DNA binding [66, 74], this makes REMFS a potential therapeutic strategy 
to treat age-related diseases.

Nevertheless, we should take into consideration other pathway imbalances that 
cause the pathomolecular mechanism of age-related diseases. Take, for example, 
the Forehead box protein (FoxO) pathways whose dysregulation results in acceler-
ating the aging process [75]. This suggests that delaying the aging process may be 
achieved by reactivation of both HSF1 and FoxO pathways (longevity pathways). 
The combination of the treatments for these two pathways such as HSF1 enhanc-
ers (REMFS) in combination with caloric restriction mimetics such as resveratrol 
(RV) would be an appropriate therapeutic strategy [69, 76]. Enhancing these 
two pathways that control an array of different processes, including metabolism, 
cognition, stress response, and brain plasticity demands close monitoring to 
prevent hyperstimulation of either pathway, thus controlling side effects [69]. For 
this reason, we suggest using REMFS because 64 MHz affords a safe framework for 
human treatments [77]. Our previous studies utilized a non-ionizing EMF radia-
tion of 50 MHz allowed safe exposures comparable to our recent study in human 
neurons with 64 MHz [39]. We should take into consideration that 918 MHz 
has less skin penetration and therefore the energy carried by the exposure is 
absorbed adjacent to the skin. In an interest study the RF exposure during 30 min 
with a 2.7–4 W/kg SAR, versus a 16 min with 6 W/kg both caused a noteworthy 
temperature change (0.1–0.4°C), as well as other physiological changes in heart 
rate, localized sweating, and blood flow [78], thus, we suggest lower and effective 
SAR values (0.4–0.9 W/kg) to prevent these side effects. REMFS can be applied 
through different exposure systems such as antennas in anechoic chambers or large 
TEM chambers, these chambers would likely about 10 m in length, 6 m in height, 
and 6 m in width and utilized frequencies between 50 and 64 MHz [79, 80]. The 
Institute of Electrical and Electronics Engineers (IEEE) recommend maximum 
permissible exposure (MPE) values of less than 1 W/kg [81]. Our REMFS treat-
ment produce SAR’s under this limit, so suggesting that this is a safe exposure for 
human treatments. An important aspect to consider is the homocysteinylation of 
the HSF1 which could be the cause of the age-related attenuation of the HSF1-DNA 
binding. Therefore, decreasing plasma homocysteine levels by dietary interven-
tions is recommended to prevent the HSF1-DNA binding [82].
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Likewise, FoxO activation is a very crucial part of the combination therapy to 
delay the aging process and age-related diseases. RV is one of the most effective 
FoxO activators; it has few side effects and it is easy to administer. RV also activates 
the mTOR, and SK1N pathways [83]. RV has effects on multiple pathways such as 
antioxidant, vasodilating, inflammation, cell growth, atherosclerosis, anticoagulant, 
and beneficial for the cardiac rhythm. Notably, RV decreases mortality and meta-
bolic syndrome in high-calorie and high-fat diets in mice experiments [84]. For these 
reasons RV is a potentially a new therapeutic strategy to prevent and treat metabolic 
syndrome and diabetes mellitus type II. One disadvantage is that RV bioavailability is 
poor as a consequence of metabolic alterations in the plasma. Hypothetically, REMFS 
combines with RV as soon as a decline in any of these two pathways is detected. One 
of the methods to determine if the HSF1 pathway is failing would be monitoring 
the T lymphocyte HSF-1 DNA binding [69]. The method to detect a decline in the 
FoxO pathway includes testing the FoxO3a binding to DNA. An important part of the 
evaluation is to determine the aggregation of beta amyloid (Aβ), Tau, or α-synuclein 
proteins in the human brain using Positron-emission tomography (PET) scanning to 
monitor neuro-degeneration and protein deposition load [69, 85].

4.1.4.2 REMFS in Alzheimer’s disease and other protein aggregation diseases

While REMFS might affect the organism in a whole-body basis, we also con-
sider that more focused exposures, individual body targets may be selected. Any 
organ that shows functional decline, including the brain, kidneys, joints, liver, or 
heart, may benefit from engineered REMFS to induce protein disaggregation by 
activation of the HSF1 pathway. Therefore, we will initiate human head exposure 
to treat the most common cause of dementia (Alzheimer’s disease). Before clinical 
trials are considered we have to determine the best electromagnetic settings for 
human exposures such as power output, power deposition, far field, antenna type, 
distance from antenna, electric field, magnetic field, etc. that will produce uniform 
internal fields similar to our previous studies when applied to a human brain with 
a target SAR of 0.4–0.9 W/kg [40]. Initially, we determined by mathematical and 
computer modeling that the REMFS exposures in our biological studies delivered 
a safe thermal and SAR measurements [70]. With these results we developed a vir-
tual exposure system by numerical model and computer simulation. We designed 
a virtual antenna that delivers a SAR of around 0.6 W/kg to a simulated phantom 
of a human brain. With these simulations we found the REMFS parameters that 
would deliver a uniform radiation to a human skull in clinical trials [86]. In the 
near future, we will experimentally confirm these results using an appropriate 
antenna to expose a Specific Anthropomorphic Mannequin (SAM) human head 
phantom [87] with internal and external probes oriented vertically to deter-
mine the EMF parameters that will provide an effective and safe SAR for future 
Alzheimer’s treatment. Data suggest that the ideal environment for these treat-
ments should be an anechoic chamber to prevent RF wave reflections and provide 
a uniform exposure to the subjects. The final step will be to initiate phase 1 clinical 
trials in patient with early Alzheimer’s disease to determine safety and efficacy of 
this new potential therapeutic strategy.

5. Future diagnostic procedures

We performed several computer modeling and simulation to create visual 
representations of the interior of the human body for diagnostic analysis, as well 
as visual representation of the function of some organs or tissues. We utilized 
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resonance [72]. Consequently, we would need to apply less power and achieve 
the minimum SAR that could achieve biological effect, a safer exposure com-
pared to high energy fields. This would decrease the complexity of the EMF-bi-
ological system interaction decreasing the heat production from the exposure.

The physical and biological conditions of the exposed target would affect the EMF param-
eters of the exposures concerning the case under study [73].

3. Our REMFS exposures produced a SAR (0.4–0.9 W/kg) well below the value 
limits values of 2 W/kg set by the Institute of Electrical and Electronics En-
gineers (IEEE) [40], so offering a safe framework for clinical trials [39]. The 
REMFS parameter for human exposures will range from daily to twice weekly, 
with a length extending from 30 min to 1 h for several months founded on hu-
man neurons and AD mouse studies [36, 37, 39–41].

4.1.4.1 REMFS anti-aging effects

In our previous studies, we determined that REMFS enhanced the HSF1-DNA 
and delayed the aging process. Taking into consideration that the decline in proteo-
stasis is the earliest event in the aging process and that it is caused by attenuation of 
the HSF1-DNA binding [66, 74], this makes REMFS a potential therapeutic strategy 
to treat age-related diseases.

Nevertheless, we should take into consideration other pathway imbalances that 
cause the pathomolecular mechanism of age-related diseases. Take, for example, 
the Forehead box protein (FoxO) pathways whose dysregulation results in acceler-
ating the aging process [75]. This suggests that delaying the aging process may be 
achieved by reactivation of both HSF1 and FoxO pathways (longevity pathways). 
The combination of the treatments for these two pathways such as HSF1 enhanc-
ers (REMFS) in combination with caloric restriction mimetics such as resveratrol 
(RV) would be an appropriate therapeutic strategy [69, 76]. Enhancing these 
two pathways that control an array of different processes, including metabolism, 
cognition, stress response, and brain plasticity demands close monitoring to 
prevent hyperstimulation of either pathway, thus controlling side effects [69]. For 
this reason, we suggest using REMFS because 64 MHz affords a safe framework for 
human treatments [77]. Our previous studies utilized a non-ionizing EMF radia-
tion of 50 MHz allowed safe exposures comparable to our recent study in human 
neurons with 64 MHz [39]. We should take into consideration that 918 MHz 
has less skin penetration and therefore the energy carried by the exposure is 
absorbed adjacent to the skin. In an interest study the RF exposure during 30 min 
with a 2.7–4 W/kg SAR, versus a 16 min with 6 W/kg both caused a noteworthy 
temperature change (0.1–0.4°C), as well as other physiological changes in heart 
rate, localized sweating, and blood flow [78], thus, we suggest lower and effective 
SAR values (0.4–0.9 W/kg) to prevent these side effects. REMFS can be applied 
through different exposure systems such as antennas in anechoic chambers or large 
TEM chambers, these chambers would likely about 10 m in length, 6 m in height, 
and 6 m in width and utilized frequencies between 50 and 64 MHz [79, 80]. The 
Institute of Electrical and Electronics Engineers (IEEE) recommend maximum 
permissible exposure (MPE) values of less than 1 W/kg [81]. Our REMFS treat-
ment produce SAR’s under this limit, so suggesting that this is a safe exposure for 
human treatments. An important aspect to consider is the homocysteinylation of 
the HSF1 which could be the cause of the age-related attenuation of the HSF1-DNA 
binding. Therefore, decreasing plasma homocysteine levels by dietary interven-
tions is recommended to prevent the HSF1-DNA binding [82].
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Likewise, FoxO activation is a very crucial part of the combination therapy to 
delay the aging process and age-related diseases. RV is one of the most effective 
FoxO activators; it has few side effects and it is easy to administer. RV also activates 
the mTOR, and SK1N pathways [83]. RV has effects on multiple pathways such as 
antioxidant, vasodilating, inflammation, cell growth, atherosclerosis, anticoagulant, 
and beneficial for the cardiac rhythm. Notably, RV decreases mortality and meta-
bolic syndrome in high-calorie and high-fat diets in mice experiments [84]. For these 
reasons RV is a potentially a new therapeutic strategy to prevent and treat metabolic 
syndrome and diabetes mellitus type II. One disadvantage is that RV bioavailability is 
poor as a consequence of metabolic alterations in the plasma. Hypothetically, REMFS 
combines with RV as soon as a decline in any of these two pathways is detected. One 
of the methods to determine if the HSF1 pathway is failing would be monitoring 
the T lymphocyte HSF-1 DNA binding [69]. The method to detect a decline in the 
FoxO pathway includes testing the FoxO3a binding to DNA. An important part of the 
evaluation is to determine the aggregation of beta amyloid (Aβ), Tau, or α-synuclein 
proteins in the human brain using Positron-emission tomography (PET) scanning to 
monitor neuro-degeneration and protein deposition load [69, 85].

4.1.4.2 REMFS in Alzheimer’s disease and other protein aggregation diseases

While REMFS might affect the organism in a whole-body basis, we also con-
sider that more focused exposures, individual body targets may be selected. Any 
organ that shows functional decline, including the brain, kidneys, joints, liver, or 
heart, may benefit from engineered REMFS to induce protein disaggregation by 
activation of the HSF1 pathway. Therefore, we will initiate human head exposure 
to treat the most common cause of dementia (Alzheimer’s disease). Before clinical 
trials are considered we have to determine the best electromagnetic settings for 
human exposures such as power output, power deposition, far field, antenna type, 
distance from antenna, electric field, magnetic field, etc. that will produce uniform 
internal fields similar to our previous studies when applied to a human brain with 
a target SAR of 0.4–0.9 W/kg [40]. Initially, we determined by mathematical and 
computer modeling that the REMFS exposures in our biological studies delivered 
a safe thermal and SAR measurements [70]. With these results we developed a vir-
tual exposure system by numerical model and computer simulation. We designed 
a virtual antenna that delivers a SAR of around 0.6 W/kg to a simulated phantom 
of a human brain. With these simulations we found the REMFS parameters that 
would deliver a uniform radiation to a human skull in clinical trials [86]. In the 
near future, we will experimentally confirm these results using an appropriate 
antenna to expose a Specific Anthropomorphic Mannequin (SAM) human head 
phantom [87] with internal and external probes oriented vertically to deter-
mine the EMF parameters that will provide an effective and safe SAR for future 
Alzheimer’s treatment. Data suggest that the ideal environment for these treat-
ments should be an anechoic chamber to prevent RF wave reflections and provide 
a uniform exposure to the subjects. The final step will be to initiate phase 1 clinical 
trials in patient with early Alzheimer’s disease to determine safety and efficacy of 
this new potential therapeutic strategy.

5. Future diagnostic procedures

We performed several computer modeling and simulation to create visual 
representations of the interior of the human body for diagnostic analysis, as well 
as visual representation of the function of some organs or tissues. We utilized 
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EMF of different frequencies up to 5 GHz because they are commonly used in 
medicine for diagnosis. Here, we show several future non-invasive EMF diagnostic 
procedures.

5.1 Pathological bone

We performed microwave and thermal simulation of human bone. The results 
showed differential power dissipation over the bone materials with different 
temperatures within 2–4° change for various frequencies [88]. This simulation also 
showed the distinction between normal and abnormal bone tissues, indicating 
that this is an effective method for diagnosing normal bone and pathological bone 
including bone cancer, fractures and infection.

5.2 Femoral neck vasculature

We also performed simulations of the vasculature of the femoral bone [89]. 
Disruption of the blood supply to the femoral neck is a well-recognized source of 
morbidity and mortality, often resulting in avascular necrosis of the femoral head. 
EM simulations of femoral neck fractures were presented as examples. Electric 
fields were generated in a fashion that exploited disruptions within the vasculature 
of the femoral neck. Simulated blood vessels were developed in two-dimensions: 
the phi direction (the circular), and the z-direction. Two different frequencies, 
3 and 5 GHz were considered, with 100-J energy pulses within blood vessels of 
2.54 mm in diameter. The fat surrounding the bone was simulated, we also devel-
oped an additional model with layered fat and skin above the vessels. We were able 
to visualize the femoral neck’s blood vessels. This research validated the technique 
of detecting and diagnosing pathology of the circulation of femur bone in humans. 
The approach using the characteristics of the RF response of the reflected power 
at various frequencies as determined from the finite element simulation was 
appropriate, and it fits well with the practical model if implemented via MEMS 
(micro-electro-mechanical systems). Magnetic sensors may be built on flexible 
substrates in order to shape up the sensors and make them suitable for measuring 
various sizes. The COMSOL models were made close to the anatomical model seen 
in Figure 2. It shows the head, neck, and leg of the femur. The exploitation of 
electric field indicates the feasibility of a subsequent practical model to diagnose 
femur vasculature pathology including avascular necrosis of the femoral neck and 
other human bones.

5.3 Arteriosclerosis disease

We lastly performed simulations to detect arteriosclerosis of human blood 
vessels which is associated with coronary artery and peripheral vascular disease. 
Our laboratory developed a new non-invasive EMF approach for the diagnosis 
of stenosis/arteriosclerosis disease. A simulated human foot was analyzed using 
COMSOL multi-physics software in attempt to visualize, analyze, and quan-
tify the degree of peripheral vascular disease, which plays a pivotal role in the 
development of diabetic foot ulcers. The simulation results served as a proof 
of concept for predicting and stratifying certain degrees of occlusion within 
the peripheral vasculature. Although this study was based on computer model-
ing with simulation results in nature, the research parameters shows promise 
for practical models for future diagnosis of the peripheral vasculature via EM 
parameters. The study shows promises for the practical implementation of the 
device. Current technologies with MEMS/NEMS can serve as hardware systems 
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proper for this diagnosis process designed for detecting EM parameters needed 
for the diagnostic tool for the early detection of peripheral vascular disease, and 
ultimately, diabetic foot ulcers [90].

6. Conclusion

Since the discovery of electromagnetic fields, the beneficial health effects and 
their potential applications toward the treatment and diagnostic of age-related 
diseases has been eagerly sought with promising results. The effect of non-thermal, 
non-ionizing REMFS has been examined in our laboratory for its ability to induce 
cytoprotecting effect via the heat shock factor-1. Results suggest anti-aging effects 
occurred as a direct consequence of a biological systems-REMFS interaction, and 
herein we have proposed a quantum tunneling-based mechanism mediated by the 
interfacial water to explain it. Our pioneering studies have also demonstrated safe 
REMFS decreases toxic Aβ levels in primary human brain cell cultures; an outcome 
likely resulting from increased Aβ degradation. When considered in parallel with 
several transgenic AD mouse model studies that have demonstrated the efficacy 
and safety of REMFS in-vivo to induce removal/disaggregation of pre-existing Aβ 
deposits and prevent or reverse cognitive impairment, the potential application of 
REMFS toward the treatment of AD and age-related protein deposition diseases 
is certainly encouraging. Furthermore, the simultaneous modulation of longevity 
pathways through HSF1 enhancers (e.g., REMFS) and FoxO pathway up-regulators 
(caloric restriction mimetics, such as resveratrol) suggest complementary strate-
gies could act synergistically to balance and preserve cellular defense and repair 
systems. As REMFS targets the most important pathways affected in Alzheimer’s 
disease and other age-related pathologies, HSF1 modulation and enhancement by 
REMFS could potentially restore a variety of damaged signaling networks associ-
ated with the aging process, additionally, diagnostic EMF devices could prove to be 
a fast, non-invasive, and painless tool that will avoid incisions into the body and the 
removal of tissue for diagnosis of a multitude of diseases.

Figure 2. 
(a) The computerized model of the femur (b) The anatomical femur with components and blood vessels: blood 
vessels showing rupture in the femur vasculature.
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EMF of different frequencies up to 5 GHz because they are commonly used in 
medicine for diagnosis. Here, we show several future non-invasive EMF diagnostic 
procedures.

5.1 Pathological bone

We performed microwave and thermal simulation of human bone. The results 
showed differential power dissipation over the bone materials with different 
temperatures within 2–4° change for various frequencies [88]. This simulation also 
showed the distinction between normal and abnormal bone tissues, indicating 
that this is an effective method for diagnosing normal bone and pathological bone 
including bone cancer, fractures and infection.

5.2 Femoral neck vasculature

We also performed simulations of the vasculature of the femoral bone [89]. 
Disruption of the blood supply to the femoral neck is a well-recognized source of 
morbidity and mortality, often resulting in avascular necrosis of the femoral head. 
EM simulations of femoral neck fractures were presented as examples. Electric 
fields were generated in a fashion that exploited disruptions within the vasculature 
of the femoral neck. Simulated blood vessels were developed in two-dimensions: 
the phi direction (the circular), and the z-direction. Two different frequencies, 
3 and 5 GHz were considered, with 100-J energy pulses within blood vessels of 
2.54 mm in diameter. The fat surrounding the bone was simulated, we also devel-
oped an additional model with layered fat and skin above the vessels. We were able 
to visualize the femoral neck’s blood vessels. This research validated the technique 
of detecting and diagnosing pathology of the circulation of femur bone in humans. 
The approach using the characteristics of the RF response of the reflected power 
at various frequencies as determined from the finite element simulation was 
appropriate, and it fits well with the practical model if implemented via MEMS 
(micro-electro-mechanical systems). Magnetic sensors may be built on flexible 
substrates in order to shape up the sensors and make them suitable for measuring 
various sizes. The COMSOL models were made close to the anatomical model seen 
in Figure 2. It shows the head, neck, and leg of the femur. The exploitation of 
electric field indicates the feasibility of a subsequent practical model to diagnose 
femur vasculature pathology including avascular necrosis of the femoral neck and 
other human bones.

5.3 Arteriosclerosis disease

We lastly performed simulations to detect arteriosclerosis of human blood 
vessels which is associated with coronary artery and peripheral vascular disease. 
Our laboratory developed a new non-invasive EMF approach for the diagnosis 
of stenosis/arteriosclerosis disease. A simulated human foot was analyzed using 
COMSOL multi-physics software in attempt to visualize, analyze, and quan-
tify the degree of peripheral vascular disease, which plays a pivotal role in the 
development of diabetic foot ulcers. The simulation results served as a proof 
of concept for predicting and stratifying certain degrees of occlusion within 
the peripheral vasculature. Although this study was based on computer model-
ing with simulation results in nature, the research parameters shows promise 
for practical models for future diagnosis of the peripheral vasculature via EM 
parameters. The study shows promises for the practical implementation of the 
device. Current technologies with MEMS/NEMS can serve as hardware systems 
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proper for this diagnosis process designed for detecting EM parameters needed 
for the diagnostic tool for the early detection of peripheral vascular disease, and 
ultimately, diabetic foot ulcers [90].

6. Conclusion

Since the discovery of electromagnetic fields, the beneficial health effects and 
their potential applications toward the treatment and diagnostic of age-related 
diseases has been eagerly sought with promising results. The effect of non-thermal, 
non-ionizing REMFS has been examined in our laboratory for its ability to induce 
cytoprotecting effect via the heat shock factor-1. Results suggest anti-aging effects 
occurred as a direct consequence of a biological systems-REMFS interaction, and 
herein we have proposed a quantum tunneling-based mechanism mediated by the 
interfacial water to explain it. Our pioneering studies have also demonstrated safe 
REMFS decreases toxic Aβ levels in primary human brain cell cultures; an outcome 
likely resulting from increased Aβ degradation. When considered in parallel with 
several transgenic AD mouse model studies that have demonstrated the efficacy 
and safety of REMFS in-vivo to induce removal/disaggregation of pre-existing Aβ 
deposits and prevent or reverse cognitive impairment, the potential application of 
REMFS toward the treatment of AD and age-related protein deposition diseases 
is certainly encouraging. Furthermore, the simultaneous modulation of longevity 
pathways through HSF1 enhancers (e.g., REMFS) and FoxO pathway up-regulators 
(caloric restriction mimetics, such as resveratrol) suggest complementary strate-
gies could act synergistically to balance and preserve cellular defense and repair 
systems. As REMFS targets the most important pathways affected in Alzheimer’s 
disease and other age-related pathologies, HSF1 modulation and enhancement by 
REMFS could potentially restore a variety of damaged signaling networks associ-
ated with the aging process, additionally, diagnostic EMF devices could prove to be 
a fast, non-invasive, and painless tool that will avoid incisions into the body and the 
removal of tissue for diagnosis of a multitude of diseases.

Figure 2. 
(a) The computerized model of the femur (b) The anatomical femur with components and blood vessels: blood 
vessels showing rupture in the femur vasculature.



Ionizing and Non-ionizing Radiation

22

Acronyms

EMF electromagnetic fields
REMFS repeated electromagnetic fields stimulation
SAR specific absorption rate
HSF1 heat shock factor 1
HB hydrogen bond
FLIFW first layer of the interfacial water
GRNA guanine of the RNA
O oxygen
HSP heat shock proteins
HSR1 heat shock RNA
RV resveratrol
FoxO Forkhead box protein
Aβ amyloid beta
AD Alzheimer’s disease
SOD superoxide dismutase
WT wild type
Tg transgenic

Author details

Felipe P. Perez1, James Rizkalla2, Matthew Jeffers3, Paul Salama3,  
Cristina N. Perez Chumbiauca1 and Maher Rizkalla3,4*

1 Indiana University School of Medicine, Indianapolis, Indiana, United States

2 Baylor University Medical Center, Dallas, Texas, United States

3 Department of Electrical and Computer Engineering, Indiana University Purdue 
University Indianapolis (IUPUI), Indiana, United States

4 Integrated Nanotechnology Development Institute (INDI), IUPUI, Indianapolis, 
Indiana, United States

*Address all correspondence to: mrizkall@iu.edu

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

23

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

References

[1] Rosen A, Stuchly MA, Vorst AV. 
Applications of RF/microwaves in 
medicine. IEEE Transactions on 
Microwave Theory and Techniques. 
2002;50(3):963-974

[2] Michaelson SM. Health implications 
of exposure to radiofrequency/
microwave energies. British Journal of 
Industrial Medicine. 1982;39(2):105-119

[3] Singh S, Kapoor N. Health 
implications of electromagnetic 
fields, mechanisms of action, and 
research needs. Advances in Biology. 
2014;2014:24

[4] Hardell L, Sage C. Biological effects 
from electromagnetic field exposure 
and public exposure standards. 
Biomedicine & Pharmacotherapy = 
Biomedecine & Pharmacotherapie. 
2008;62(2):104-109

[5] Gherardini L, Ciuti G, 
Tognarelli S, Cinti C. Searching for 
the perfect wave: The effect of 
radiofrequency electromagnetic 
fields on cells. International 
Journal of Molecular Sciences. 
2014;15(4):5366-5387

[6] Perez FP, Morisaki JJ, 
Bandeira JP. Repeated electromagnetic 
field stimulation in aging and health. In: 
The Science of Hormesis in Health and 
Longevity. Cambridge, Massachusetts, 
USA: Elsevier; 2019. pp. 189-197

[7] Conti P, Gigante GE, Alesse E, 
Cifone MG, Fieschi C, Reale M, et al. 
A role for Ca2+ in the effect of very low 
frequency electromagnetic field on the 
blastogenesis of human lymphocytes. 
FEBS Letters. 1985;181(1):28-32

[8] Rozek RJ, Sherman ML, Liboff AR, 
McLeod BR, Smith SD. Nifedipine is 
an antagonist to cyclotron resonance 
enhancement of 45Ca incorporation 
in human lymphocytes. Cell Calcium. 
1987;8(6):413-427

[9] Fesenko EE, Geletyuk VI, 
Kazachenko VN, Chemeris NK.  
Preliminary microwave irradiation of 
water solutions changes their  
channel-modifying activity. FEBS 
Letters. 1995;366(1):49-52

[10] Byus CV, Pieper SE, Adey WR. The 
effects of low-energy 60-Hz 
environmental electromagnetic 
fields upon the growth-related 
enzyme ornithine decarboxylase. 
Carcinogenesis. 1987;8(10):1385-1389

[11] Goodman R, Henderson AS. In: 
SpringerLink, editor. Mechanistic 
Approaches to Interactions of Electric 
and Electromagnetic Fields with Living 
Systems. New York: Plenum Press; 1987

[12] Liboff AR, Williams T Jr, 
Strong DM, Wistar R Jr. Time-
varying magnetic fields: Effect 
on DNA synthesis. Science. 
1984;223(4638):818-820

[13] Grundler W, Abmayr W. Differential 
inactivation analysis of diploid yeast 
exposed to radiation of various LET. I. 
Computerized single-cell observation 
and preliminary application to X-ray-
treated Saccharomyces cerevisiae. 
Radiation Research. 1983;94(3):464-479

[14] Capelli E, Torrisi F, Venturini L, 
Granato M, Fassina L, Lupo GFD, et al. 
Low-frequency pulsed electromagnetic 
field is able to modulate miRNAs in an 
experimental cell model of Alzheimer’s 
disease. Journal of Healthcare 
Engineering. 2017;2017:10

[15] Liu Y, Liu WB, Liu KJ, Ao L, 
Cao J, Zhong JL, et al. Extremely low-
frequency electromagnetic fields affect 
the miRNA-mediated regulation of 
signaling pathways in the GC-2 cell line. 
PLoS One. 2015;10(10):e0139949

[16] Dasdag S, Akdag MZ, Erdal ME, 
Erdal N, Ay OI, Ay ME, et al. Effects 



Ionizing and Non-ionizing Radiation

22

Acronyms

EMF electromagnetic fields
REMFS repeated electromagnetic fields stimulation
SAR specific absorption rate
HSF1 heat shock factor 1
HB hydrogen bond
FLIFW first layer of the interfacial water
GRNA guanine of the RNA
O oxygen
HSP heat shock proteins
HSR1 heat shock RNA
RV resveratrol
FoxO Forkhead box protein
Aβ amyloid beta
AD Alzheimer’s disease
SOD superoxide dismutase
WT wild type
Tg transgenic

Author details

Felipe P. Perez1, James Rizkalla2, Matthew Jeffers3, Paul Salama3,  
Cristina N. Perez Chumbiauca1 and Maher Rizkalla3,4*

1 Indiana University School of Medicine, Indianapolis, Indiana, United States

2 Baylor University Medical Center, Dallas, Texas, United States

3 Department of Electrical and Computer Engineering, Indiana University Purdue 
University Indianapolis (IUPUI), Indiana, United States

4 Integrated Nanotechnology Development Institute (INDI), IUPUI, Indianapolis, 
Indiana, United States

*Address all correspondence to: mrizkall@iu.edu

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

23

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

References

[1] Rosen A, Stuchly MA, Vorst AV. 
Applications of RF/microwaves in 
medicine. IEEE Transactions on 
Microwave Theory and Techniques. 
2002;50(3):963-974

[2] Michaelson SM. Health implications 
of exposure to radiofrequency/
microwave energies. British Journal of 
Industrial Medicine. 1982;39(2):105-119

[3] Singh S, Kapoor N. Health 
implications of electromagnetic 
fields, mechanisms of action, and 
research needs. Advances in Biology. 
2014;2014:24

[4] Hardell L, Sage C. Biological effects 
from electromagnetic field exposure 
and public exposure standards. 
Biomedicine & Pharmacotherapy = 
Biomedecine & Pharmacotherapie. 
2008;62(2):104-109

[5] Gherardini L, Ciuti G, 
Tognarelli S, Cinti C. Searching for 
the perfect wave: The effect of 
radiofrequency electromagnetic 
fields on cells. International 
Journal of Molecular Sciences. 
2014;15(4):5366-5387

[6] Perez FP, Morisaki JJ, 
Bandeira JP. Repeated electromagnetic 
field stimulation in aging and health. In: 
The Science of Hormesis in Health and 
Longevity. Cambridge, Massachusetts, 
USA: Elsevier; 2019. pp. 189-197

[7] Conti P, Gigante GE, Alesse E, 
Cifone MG, Fieschi C, Reale M, et al. 
A role for Ca2+ in the effect of very low 
frequency electromagnetic field on the 
blastogenesis of human lymphocytes. 
FEBS Letters. 1985;181(1):28-32

[8] Rozek RJ, Sherman ML, Liboff AR, 
McLeod BR, Smith SD. Nifedipine is 
an antagonist to cyclotron resonance 
enhancement of 45Ca incorporation 
in human lymphocytes. Cell Calcium. 
1987;8(6):413-427

[9] Fesenko EE, Geletyuk VI, 
Kazachenko VN, Chemeris NK.  
Preliminary microwave irradiation of 
water solutions changes their  
channel-modifying activity. FEBS 
Letters. 1995;366(1):49-52

[10] Byus CV, Pieper SE, Adey WR. The 
effects of low-energy 60-Hz 
environmental electromagnetic 
fields upon the growth-related 
enzyme ornithine decarboxylase. 
Carcinogenesis. 1987;8(10):1385-1389

[11] Goodman R, Henderson AS. In: 
SpringerLink, editor. Mechanistic 
Approaches to Interactions of Electric 
and Electromagnetic Fields with Living 
Systems. New York: Plenum Press; 1987

[12] Liboff AR, Williams T Jr, 
Strong DM, Wistar R Jr. Time-
varying magnetic fields: Effect 
on DNA synthesis. Science. 
1984;223(4638):818-820

[13] Grundler W, Abmayr W. Differential 
inactivation analysis of diploid yeast 
exposed to radiation of various LET. I. 
Computerized single-cell observation 
and preliminary application to X-ray-
treated Saccharomyces cerevisiae. 
Radiation Research. 1983;94(3):464-479

[14] Capelli E, Torrisi F, Venturini L, 
Granato M, Fassina L, Lupo GFD, et al. 
Low-frequency pulsed electromagnetic 
field is able to modulate miRNAs in an 
experimental cell model of Alzheimer’s 
disease. Journal of Healthcare 
Engineering. 2017;2017:10

[15] Liu Y, Liu WB, Liu KJ, Ao L, 
Cao J, Zhong JL, et al. Extremely low-
frequency electromagnetic fields affect 
the miRNA-mediated regulation of 
signaling pathways in the GC-2 cell line. 
PLoS One. 2015;10(10):e0139949

[16] Dasdag S, Akdag MZ, Erdal ME, 
Erdal N, Ay OI, Ay ME, et al. Effects 



Ionizing and Non-ionizing Radiation

24

of 2.4 GHz radiofrequency radiation 
emitted from Wi-Fi equipment on 
microRNA expression in brain tissue. 
International Journal of Radiation 
Biology. 2015;91(7):555-561

[17] Luukkonen J, Liimatainen A, 
Juutilainen J, Naarala J. Induction of 
genomic instability, oxidative processes, 
and mitochondrial activity by 50Hz 
magnetic fields in human SH-SY5Y 
neuroblastoma cells. Mutation Research. 
2014;760:33-41

[18] Jouni FJ, Abdolmaleki P, 
Ghanati F. Oxidative stress in broad 
bean (Vicia faba L.) induced by 
static magnetic field under natural 
radioactivity. Mutation Research. 
2012;741(1-2):116-121

[19] Campisi A, Gulino M, 
Acquaviva R, Bellia P, Raciti G, 
Grasso R, et al. Reactive oxygen species 
levels and DNA fragmentation on 
astrocytes in primary culture after acute 
exposure to low intensity microwave 
electromagnetic field. Neuroscience 
Letters. 2010;473(1):52-55

[20] Hajnorouzi A, Vaezzadeh M, 
Ghanati F, Jamnezhad H, Nahidian B. 
Growth promotion and a decrease of 
oxidative stress in maize seedlings by a 
combination of geomagnetic and weak 
electromagnetic fields. Journal of Plant 
Physiology. 2011;168(10):1123-1128

[21] Maaroufi K, Had-Aissouni L, 
Melon C, Sakly M, Abdelmelek H, 
Poucet B, et al. Spatial learning, 
monoamines and oxidative stress in rats 
exposed to 900 MHz electromagnetic 
field in combination with iron 
overload. Behavioural Brain Research. 
2014;258:80-89

[22] Osera C, Amadio M, Falone S, 
Fassina L, Magenes G, Amicarelli F, 
et al. Pre-exposure of neuroblastoma 
cell line to pulsed electromagnetic 
field prevents H2O2-induced ROS 
production by increasing MnSOD 

activity. Bioelectromagnetics. 
2015;36(3):219-232

[23] Di Carlo AL, White NC, Litovitz TA. 
Mechanical and electromagnetic 
induction of protection against 
oxidative stress. Bioelectrochemistry. 
2001;53(1):87-95

[24] Osera C, Fassina L, Amadio M, 
Venturini L, Buoso E, Magenes G, 
et al. Cytoprotective response induced 
by electromagnetic stimulation on 
SH-SY5Y human neuroblastoma cell 
line. Tissue Engineering Parts A. 
2011;17(19-20):2573-2582

[25] Goodman R, Blank M. Magnetic 
field stress induces expression of 
hsp70. Cell Stress & Chaperones. 
1998;3(2):79-88

[26] Lin H, Opler M, Head M, Blank M, 
Goodman R. Electromagnetic field 
exposure induces rapid, transitory 
heat shock factor activation in human 
cells. Journal of Cellular Biochemistry. 
1997;66(4):482-488

[27] Carmody S, Wu XL, Lin H, Blank M, 
Skopicki H, Goodman R. Cytoprotection 
by electromagnetic field-induced 
hsp70: A model for clinical application. 
Journal of Cellular Biochemistry. 
2000;79(3):453-459

[28] Blank M, Goodman R. DNA is a 
fractal antenna in electromagnetic 
fields. International Journal of Radiation 
Biology. 2011;87(4):409-415

[29] Eleuteri AM, Amici M, Bonfili L, 
Cecarini V, Cuccioloni M, Grimaldi S, 
et al. 50 Hz extremely low frequency 
electromagnetic fields enhance protein 
carbonyl groups content in cancer cells: 
Effects on proteasomal systems. Journal 
of Biomedicine and Biotechnology. 
2009;2009:834239

[30] Caraglia M, Marra M, Mancinelli F, 
D’Ambrosio G, Massa R, Giordano A, 
et al. Electromagnetic fields at mobile 

25

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

phone frequency induce apoptosis and 
inactivation of the multi-chaperone 
complex in human epidermoid cancer 
cells. Journal of Cellular Physiology. 
2005;204(2):539-548

[31] Hirai T, Taniura H, Goto Y, 
Ogura M, Sng JC, Yoneda Y. Stimulation 
of ubiquitin-proteasome pathway 
through the expression of 
amidohydrolase for N-terminal 
asparagine (Ntan1) in cultured rat 
hippocampal neurons exposed to static 
magnetism. Journal of Neurochemistry. 
2006;96(6):1519-1530

[32] Marchesi N, Osera C, Fassina L, 
Amadio M, Angeletti F, Morini M, et al. 
Autophagy is modulated in human 
neuroblastoma cells through direct 
exposition to low frequency 
electromagnetic fields. 
Journal of Cellular Physiology. 
2014;229(11):1776-1786

[33] Pena-Philippides JC, Yang Y, 
Bragina O, Hagberg S, Nemoto E, 
Roitbak T. Effect of pulsed 
electromagnetic field (PEMF) on infarct 
size and inflammation after cerebral 
ischemia in mice. Translational Stroke 
Research. 2014;5(4):491-500

[34] Kubat NJ, Moffett J, Fray LM. Effect 
of pulsed electromagnetic field 
treatment on programmed resolution 
of inflammation pathway markers 
in human cells in culture. Journal of 
Inflammation Research. 2015;8:59-69

[35] Rohde CH, Taylor EM, 
Alonso A, Ascherman JA, Hardy KL, 
Pilla AA. Pulsed electromagnetic fields 
reduce postoperative interleukin-1beta, 
pain, and inflammation: A double-
blind, placebo-controlled study in 
TRAM flap breast reconstruction 
patients. Plastic and Reconstructive 
Surgery. 2015;135(5):808e-817e

[36] Arendash GW, Mori T, 
Dorsey M, Gonzalez R, Tajiri N, 
Borlongan C. Electromagnetic treatment 

to old Alzheimer’s mice reverses 
beta-amyloid deposition, modifies 
cerebral blood flow, and provides 
selected cognitive benefit. PLoS One. 
2012;7(4):e35751

[37] Arendash GW. Transcranial 
electromagnetic treatment against 
Alzheimer’s disease: Why it has 
the potential to trump Alzheimer’s 
disease drug development. Journal 
of Alzheimer’s Disease: JAD. 
2012;32(2):243-266

[38] Jeong YJ, Kang GY, Kwon JH, 
Choi HD, Pack JK, Kim N, et al. 
1950 MHz electromagnetic fields 
ameliorate Abeta pathology in 
Alzheimer’s disease mice. Current 
Alzheimer Research. 2015;12(5):481-492

[39] Perez FP, Zhou X, 
Morisaki J, Jurivich D. Electromagnetic 
field therapy delays cellular senescence 
and death by enhancement of the 
heat shock response. Experimental 
Gerontology. 2008;43(4):307-316

[40] Perez FP, Bandeira JP, Bailey JA, 
Morisaki JJ, Lahiri DK.  
Potential noninvasive approach 
for Alzheimer’s disease: Repeated 
electromagnetic field stimulation lowers 
beta-amyloid protein levels in primary 
human neuronal cultures. Journal 
of the American Geriatrics Society. 
2017;65(S1):S119-SS20

[41] Arendash GW, Sanchez-Ramos J, 
Mori T, Mamcarz M, Lin X, Runfeldt M, 
et al. Electromagnetic field treatment 
protects against and reverses cognitive 
impairment in Alzheimer’s disease mice. 
Journal of Alzheimer’s Disease: JAD. 
2010;19(1):191-210

[42] Perez FP, Bose D, Maloney B, 
Nho K, Shah K, Lahiri DK. Late-onset 
Alzheimer’s disease, heating up 
and foxed by several proteins: 
Pathomolecular effects of the aging 
process. Journal of Alzheimer’s Disease: 
JAD. 2014;40(1):1-17



Ionizing and Non-ionizing Radiation

24

of 2.4 GHz radiofrequency radiation 
emitted from Wi-Fi equipment on 
microRNA expression in brain tissue. 
International Journal of Radiation 
Biology. 2015;91(7):555-561

[17] Luukkonen J, Liimatainen A, 
Juutilainen J, Naarala J. Induction of 
genomic instability, oxidative processes, 
and mitochondrial activity by 50Hz 
magnetic fields in human SH-SY5Y 
neuroblastoma cells. Mutation Research. 
2014;760:33-41

[18] Jouni FJ, Abdolmaleki P, 
Ghanati F. Oxidative stress in broad 
bean (Vicia faba L.) induced by 
static magnetic field under natural 
radioactivity. Mutation Research. 
2012;741(1-2):116-121

[19] Campisi A, Gulino M, 
Acquaviva R, Bellia P, Raciti G, 
Grasso R, et al. Reactive oxygen species 
levels and DNA fragmentation on 
astrocytes in primary culture after acute 
exposure to low intensity microwave 
electromagnetic field. Neuroscience 
Letters. 2010;473(1):52-55

[20] Hajnorouzi A, Vaezzadeh M, 
Ghanati F, Jamnezhad H, Nahidian B. 
Growth promotion and a decrease of 
oxidative stress in maize seedlings by a 
combination of geomagnetic and weak 
electromagnetic fields. Journal of Plant 
Physiology. 2011;168(10):1123-1128

[21] Maaroufi K, Had-Aissouni L, 
Melon C, Sakly M, Abdelmelek H, 
Poucet B, et al. Spatial learning, 
monoamines and oxidative stress in rats 
exposed to 900 MHz electromagnetic 
field in combination with iron 
overload. Behavioural Brain Research. 
2014;258:80-89

[22] Osera C, Amadio M, Falone S, 
Fassina L, Magenes G, Amicarelli F, 
et al. Pre-exposure of neuroblastoma 
cell line to pulsed electromagnetic 
field prevents H2O2-induced ROS 
production by increasing MnSOD 

activity. Bioelectromagnetics. 
2015;36(3):219-232

[23] Di Carlo AL, White NC, Litovitz TA. 
Mechanical and electromagnetic 
induction of protection against 
oxidative stress. Bioelectrochemistry. 
2001;53(1):87-95

[24] Osera C, Fassina L, Amadio M, 
Venturini L, Buoso E, Magenes G, 
et al. Cytoprotective response induced 
by electromagnetic stimulation on 
SH-SY5Y human neuroblastoma cell 
line. Tissue Engineering Parts A. 
2011;17(19-20):2573-2582

[25] Goodman R, Blank M. Magnetic 
field stress induces expression of 
hsp70. Cell Stress & Chaperones. 
1998;3(2):79-88

[26] Lin H, Opler M, Head M, Blank M, 
Goodman R. Electromagnetic field 
exposure induces rapid, transitory 
heat shock factor activation in human 
cells. Journal of Cellular Biochemistry. 
1997;66(4):482-488

[27] Carmody S, Wu XL, Lin H, Blank M, 
Skopicki H, Goodman R. Cytoprotection 
by electromagnetic field-induced 
hsp70: A model for clinical application. 
Journal of Cellular Biochemistry. 
2000;79(3):453-459

[28] Blank M, Goodman R. DNA is a 
fractal antenna in electromagnetic 
fields. International Journal of Radiation 
Biology. 2011;87(4):409-415

[29] Eleuteri AM, Amici M, Bonfili L, 
Cecarini V, Cuccioloni M, Grimaldi S, 
et al. 50 Hz extremely low frequency 
electromagnetic fields enhance protein 
carbonyl groups content in cancer cells: 
Effects on proteasomal systems. Journal 
of Biomedicine and Biotechnology. 
2009;2009:834239

[30] Caraglia M, Marra M, Mancinelli F, 
D’Ambrosio G, Massa R, Giordano A, 
et al. Electromagnetic fields at mobile 

25

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

phone frequency induce apoptosis and 
inactivation of the multi-chaperone 
complex in human epidermoid cancer 
cells. Journal of Cellular Physiology. 
2005;204(2):539-548

[31] Hirai T, Taniura H, Goto Y, 
Ogura M, Sng JC, Yoneda Y. Stimulation 
of ubiquitin-proteasome pathway 
through the expression of 
amidohydrolase for N-terminal 
asparagine (Ntan1) in cultured rat 
hippocampal neurons exposed to static 
magnetism. Journal of Neurochemistry. 
2006;96(6):1519-1530

[32] Marchesi N, Osera C, Fassina L, 
Amadio M, Angeletti F, Morini M, et al. 
Autophagy is modulated in human 
neuroblastoma cells through direct 
exposition to low frequency 
electromagnetic fields. 
Journal of Cellular Physiology. 
2014;229(11):1776-1786

[33] Pena-Philippides JC, Yang Y, 
Bragina O, Hagberg S, Nemoto E, 
Roitbak T. Effect of pulsed 
electromagnetic field (PEMF) on infarct 
size and inflammation after cerebral 
ischemia in mice. Translational Stroke 
Research. 2014;5(4):491-500

[34] Kubat NJ, Moffett J, Fray LM. Effect 
of pulsed electromagnetic field 
treatment on programmed resolution 
of inflammation pathway markers 
in human cells in culture. Journal of 
Inflammation Research. 2015;8:59-69

[35] Rohde CH, Taylor EM, 
Alonso A, Ascherman JA, Hardy KL, 
Pilla AA. Pulsed electromagnetic fields 
reduce postoperative interleukin-1beta, 
pain, and inflammation: A double-
blind, placebo-controlled study in 
TRAM flap breast reconstruction 
patients. Plastic and Reconstructive 
Surgery. 2015;135(5):808e-817e

[36] Arendash GW, Mori T, 
Dorsey M, Gonzalez R, Tajiri N, 
Borlongan C. Electromagnetic treatment 

to old Alzheimer’s mice reverses 
beta-amyloid deposition, modifies 
cerebral blood flow, and provides 
selected cognitive benefit. PLoS One. 
2012;7(4):e35751

[37] Arendash GW. Transcranial 
electromagnetic treatment against 
Alzheimer’s disease: Why it has 
the potential to trump Alzheimer’s 
disease drug development. Journal 
of Alzheimer’s Disease: JAD. 
2012;32(2):243-266

[38] Jeong YJ, Kang GY, Kwon JH, 
Choi HD, Pack JK, Kim N, et al. 
1950 MHz electromagnetic fields 
ameliorate Abeta pathology in 
Alzheimer’s disease mice. Current 
Alzheimer Research. 2015;12(5):481-492

[39] Perez FP, Zhou X, 
Morisaki J, Jurivich D. Electromagnetic 
field therapy delays cellular senescence 
and death by enhancement of the 
heat shock response. Experimental 
Gerontology. 2008;43(4):307-316

[40] Perez FP, Bandeira JP, Bailey JA, 
Morisaki JJ, Lahiri DK.  
Potential noninvasive approach 
for Alzheimer’s disease: Repeated 
electromagnetic field stimulation lowers 
beta-amyloid protein levels in primary 
human neuronal cultures. Journal 
of the American Geriatrics Society. 
2017;65(S1):S119-SS20

[41] Arendash GW, Sanchez-Ramos J, 
Mori T, Mamcarz M, Lin X, Runfeldt M, 
et al. Electromagnetic field treatment 
protects against and reverses cognitive 
impairment in Alzheimer’s disease mice. 
Journal of Alzheimer’s Disease: JAD. 
2010;19(1):191-210

[42] Perez FP, Bose D, Maloney B, 
Nho K, Shah K, Lahiri DK. Late-onset 
Alzheimer’s disease, heating up 
and foxed by several proteins: 
Pathomolecular effects of the aging 
process. Journal of Alzheimer’s Disease: 
JAD. 2014;40(1):1-17



Ionizing and Non-ionizing Radiation

26

[43] Ankerhold J. Introduction. In: 
Quantum Tunneling in Complex 
Systems. Berlin, Germany: Springer; 
2007. pp. 1-5

[44] Schmitz KS. Physical Chemistry: 
Concepts and Theory. Cambridge, 
Massachusetts, USA: Elsevier; 2016

[45] Lobyshev V. Water is a 
sensor to weak forces including 
electromagnetic fields of low intensity. 
Electromagnetic Biology and Medicine. 
2005;24(3):449-461

[46] Teufel S. Adiabatic Perturbation 
Theory in Quantum Dynamics. Berlin, 
Germany: Springer; 2003

[47] Dykhne A. Quantum transitions 
in the adiabatic approximation. Soviet 
Physics—JETP. 1960;11:411

[48] Panagopoulos DJ, Johansson O, 
Carlo GL. Polarization: A key difference 
between man-made and natural 
electromagnetic fields, in regard to 
biological activity. Scientific Reports. 
2015;5:14914

[49] Sowlati-Hashjin S, Matta CF. The 
chemical bond in external electric fields: 
Energies, geometries, and vibrational 
stark shifts of diatomic molecules. 
The Journal of Chemical Physics. 
2013;139(14):144101

[50] Panagopoulos DJ, Messini N, 
Karabarbounis A, Philippetis AL, 
Margaritis LH. A mechanism for 
action of oscillating electric fields on 
cells. Biochemical and Biophysical 
Research Communications. 
2000;272(3):634-640

[51] Panagopoulos DJ, Margaritis LH. 
Theoretical considerations for the 
biological effects of electromagnetic 
fields. In: Biological Effects of 
Electromagnetic Fields. Springer; 2003. 
pp. 5-33

[52] Leung K, Rempe SB. Ab initio 
molecular dynamics study of glycine 

intramolecular proton transfer in 
water. The Journal of Chemical Physics. 
2005;122(18):184506

[53] Shamovsky I, Nudler E. New 
insights into the mechanism of heat 
shock response activation. Cellular 
and Molecular Life Sciences: CMLS. 
2008;65(6):855-861

[54] Almlöf J. Hydrogen bond studies. 
71. Ab initio calculation of the 
vibrational structure and equilibrium 
geometry in HF-2 and DF-2. Chemical 
Physics Letters. 1972;17(1):49-52

[55] Cassone G. Ab Initio Molecular 
Dynamics Simulations of H-Bonded 
Systems under an Electric Field. Université 
Pierre et Marie Curie-Paris VI; 2016

[56] Goryainov S. A model of phase 
transitions in double-well Morse 
potential: Application to hydrogen 
bond. Physica B: Condensed Matter. 
2012;407(21):4233-4237

[57] Cerón-Carrasco JP, Jacquemin D. 
Electric field induced DNA damage: 
An open door for selective mutations. 
Chemical Communications. 
2013;49(69):7578-7580

[58] Singh V, Fedeles BI, 
Essigmann JM. Role of tautomerism 
in RNA biochemistry. RNA. 
2015;21(1):1-13

[59] Piilo J, Maniscalco S. Driven 
harmonic oscillator as a quantum 
simulator for open systems. Physical 
Review A. 2006;74(3):032303

[60] Chandra AK, Nguyen MT,  
Uchimaru T, Zeegers-Huyskens T. 
Protonation and deprotonation 
enthalpies of guanine and adenine 
and implications for the structure and 
energy of their complexes with water: 
Comparison with uracil, thymine, 
and cytosine. The Journal of Physical 
Chemistry A. 1999;103(44): 
8853-8860

27

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

[61] Samdal S. The effect of large 
amplitude motion on the comparison 
of bond distances from ab initio 
calculations and experimentally 
determined bond distances, and on 
root-mean-square amplitudes of 
vibration, shrinkage, asymmetry 
constants, symmetry constraints, 
and inclusion of rotational constants 
using the electron diffraction method. 
Journal of Molecular Structure. 
1994;318:133-141

[62] Rattan SI. Hormesis in aging. Ageing 
Research Reviews. 2008;7(1):63-78

[63] Rattan SI. Repeated mild heat 
shock delays ageing in cultured 
human skin fibroblasts. IUBMB Life. 
1998;45(4):753-759

[64] Miura Y, Abe K, Urano S, Furuse T, 
Noda Y, Tatsumi K, et al. Adaptive 
response and the influence of ageing: 
Effects of low-dose irradiation on 
cell growth of cultured glial cells. 
International Journal of Radiation 
Biology. 2002;78(10):913-921

[65] Rattan SI. Mechanisms of hormesis 
through mild heat stress on human cells. 
Annals of the New York Academy of 
Sciences. 2004;1019(1):554-558

[66] Ben-Zvi A, Miller EA, Morimoto RI. 
Collapse of proteostasis represents an 
early molecular event in Caenorhabditis 
elegans aging. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2009;106(35):14914-14919

[67] Udelsman R, Blake MJ, Stagg CA, 
Holbrook NJ. Endocrine control of 
stress-induced heat shock protein 
70 expression in vivo. Surgery. 
1994;115(5):611-616

[68] Shamovsky I, Ivannikov M, 
Kandel ES, Gershon D, Nudler E. 
RNA-mediated response to heat 
shock in mammalian cells. Nature. 
2006;440(7083):556-560

[69] Perez FP, Moinuddin SS, ul ain 
Shamim Q , Joseph DJ, Morisaki J, 
Zhou X. Longevity pathways: HSF1 
and FoxO pathways, a new therapeutic 
target to prevent age-related 
diseases. Current Aging Science. 
2012;5(2):87-95

[70] Perez F, Millholland G, Peddinti SV, 
Thella AK, Rizkalla J, Salama P, et al. 
Electromagnetic and thermal 
simulations of human neurons 
for SAR applications. Journal of 
Biomedical Science and Engineering. 
2016;9(9):437-444

[71] Durney CH, Massoudi H, 
Islanker MF. Radiofrequency Radiation 
Dosimetry Handbook. 4th ed. Brooks 
Air Force Base, TX: USAF School of 
Aerospace Medicine, Aerospace Medical 
Division (AFSC); 1986

[72] Huttunen P, Hanninen O, 
Myllyla R. FM-radio and TV tower 
signals can cause spontaneous hand 
movements near moving RF reflector. 
Pathophysiology. 2009;16(2-3):201-204

[73] Sefidbakht Y, Moosavi- 
Movahedi AA, Hosseinkhani S, 
Khodagholi F, Torkzadeh-Mahani M, 
Foolad F, et al. Effects of 940 MHz 
EMF on bioluminescence and 
oxidative response of stable luciferase 
producing HEK cells. Photochemical 
& Photobiological Sciences: Official 
Journal of the European Photochemistry 
Association and the European Society 
for Photobiology. 2014;13(7):1082-1092

[74] Rao DV, Watson K, Jones GL. Age-
related attenuation in the expression of 
the major heat shock proteins in human 
peripheral lymphocytes. Mechanisms 
of Ageing and Development. 
1999;107(1):105-118

[75] Hsu A-L, Murphy CT, 
Kenyon C. Regulation of aging 
and age-related disease by DAF-16 
and heat-shock factor. Science. 
2003;300(5622):1142-1145



Ionizing and Non-ionizing Radiation

26

[43] Ankerhold J. Introduction. In: 
Quantum Tunneling in Complex 
Systems. Berlin, Germany: Springer; 
2007. pp. 1-5

[44] Schmitz KS. Physical Chemistry: 
Concepts and Theory. Cambridge, 
Massachusetts, USA: Elsevier; 2016

[45] Lobyshev V. Water is a 
sensor to weak forces including 
electromagnetic fields of low intensity. 
Electromagnetic Biology and Medicine. 
2005;24(3):449-461

[46] Teufel S. Adiabatic Perturbation 
Theory in Quantum Dynamics. Berlin, 
Germany: Springer; 2003

[47] Dykhne A. Quantum transitions 
in the adiabatic approximation. Soviet 
Physics—JETP. 1960;11:411

[48] Panagopoulos DJ, Johansson O, 
Carlo GL. Polarization: A key difference 
between man-made and natural 
electromagnetic fields, in regard to 
biological activity. Scientific Reports. 
2015;5:14914

[49] Sowlati-Hashjin S, Matta CF. The 
chemical bond in external electric fields: 
Energies, geometries, and vibrational 
stark shifts of diatomic molecules. 
The Journal of Chemical Physics. 
2013;139(14):144101

[50] Panagopoulos DJ, Messini N, 
Karabarbounis A, Philippetis AL, 
Margaritis LH. A mechanism for 
action of oscillating electric fields on 
cells. Biochemical and Biophysical 
Research Communications. 
2000;272(3):634-640

[51] Panagopoulos DJ, Margaritis LH. 
Theoretical considerations for the 
biological effects of electromagnetic 
fields. In: Biological Effects of 
Electromagnetic Fields. Springer; 2003. 
pp. 5-33

[52] Leung K, Rempe SB. Ab initio 
molecular dynamics study of glycine 

intramolecular proton transfer in 
water. The Journal of Chemical Physics. 
2005;122(18):184506

[53] Shamovsky I, Nudler E. New 
insights into the mechanism of heat 
shock response activation. Cellular 
and Molecular Life Sciences: CMLS. 
2008;65(6):855-861

[54] Almlöf J. Hydrogen bond studies. 
71. Ab initio calculation of the 
vibrational structure and equilibrium 
geometry in HF-2 and DF-2. Chemical 
Physics Letters. 1972;17(1):49-52

[55] Cassone G. Ab Initio Molecular 
Dynamics Simulations of H-Bonded 
Systems under an Electric Field. Université 
Pierre et Marie Curie-Paris VI; 2016

[56] Goryainov S. A model of phase 
transitions in double-well Morse 
potential: Application to hydrogen 
bond. Physica B: Condensed Matter. 
2012;407(21):4233-4237

[57] Cerón-Carrasco JP, Jacquemin D. 
Electric field induced DNA damage: 
An open door for selective mutations. 
Chemical Communications. 
2013;49(69):7578-7580

[58] Singh V, Fedeles BI, 
Essigmann JM. Role of tautomerism 
in RNA biochemistry. RNA. 
2015;21(1):1-13

[59] Piilo J, Maniscalco S. Driven 
harmonic oscillator as a quantum 
simulator for open systems. Physical 
Review A. 2006;74(3):032303

[60] Chandra AK, Nguyen MT,  
Uchimaru T, Zeegers-Huyskens T. 
Protonation and deprotonation 
enthalpies of guanine and adenine 
and implications for the structure and 
energy of their complexes with water: 
Comparison with uracil, thymine, 
and cytosine. The Journal of Physical 
Chemistry A. 1999;103(44): 
8853-8860

27

The Effect of Repeated Electromagnetic Fields Stimulation in Biological Systems
DOI: http://dx.doi.org/10.5772/intechopen.89668

[61] Samdal S. The effect of large 
amplitude motion on the comparison 
of bond distances from ab initio 
calculations and experimentally 
determined bond distances, and on 
root-mean-square amplitudes of 
vibration, shrinkage, asymmetry 
constants, symmetry constraints, 
and inclusion of rotational constants 
using the electron diffraction method. 
Journal of Molecular Structure. 
1994;318:133-141

[62] Rattan SI. Hormesis in aging. Ageing 
Research Reviews. 2008;7(1):63-78

[63] Rattan SI. Repeated mild heat 
shock delays ageing in cultured 
human skin fibroblasts. IUBMB Life. 
1998;45(4):753-759

[64] Miura Y, Abe K, Urano S, Furuse T, 
Noda Y, Tatsumi K, et al. Adaptive 
response and the influence of ageing: 
Effects of low-dose irradiation on 
cell growth of cultured glial cells. 
International Journal of Radiation 
Biology. 2002;78(10):913-921

[65] Rattan SI. Mechanisms of hormesis 
through mild heat stress on human cells. 
Annals of the New York Academy of 
Sciences. 2004;1019(1):554-558

[66] Ben-Zvi A, Miller EA, Morimoto RI. 
Collapse of proteostasis represents an 
early molecular event in Caenorhabditis 
elegans aging. Proceedings of the 
National Academy of Sciences 
of the United States of America. 
2009;106(35):14914-14919

[67] Udelsman R, Blake MJ, Stagg CA, 
Holbrook NJ. Endocrine control of 
stress-induced heat shock protein 
70 expression in vivo. Surgery. 
1994;115(5):611-616

[68] Shamovsky I, Ivannikov M, 
Kandel ES, Gershon D, Nudler E. 
RNA-mediated response to heat 
shock in mammalian cells. Nature. 
2006;440(7083):556-560

[69] Perez FP, Moinuddin SS, ul ain 
Shamim Q , Joseph DJ, Morisaki J, 
Zhou X. Longevity pathways: HSF1 
and FoxO pathways, a new therapeutic 
target to prevent age-related 
diseases. Current Aging Science. 
2012;5(2):87-95

[70] Perez F, Millholland G, Peddinti SV, 
Thella AK, Rizkalla J, Salama P, et al. 
Electromagnetic and thermal 
simulations of human neurons 
for SAR applications. Journal of 
Biomedical Science and Engineering. 
2016;9(9):437-444

[71] Durney CH, Massoudi H, 
Islanker MF. Radiofrequency Radiation 
Dosimetry Handbook. 4th ed. Brooks 
Air Force Base, TX: USAF School of 
Aerospace Medicine, Aerospace Medical 
Division (AFSC); 1986

[72] Huttunen P, Hanninen O, 
Myllyla R. FM-radio and TV tower 
signals can cause spontaneous hand 
movements near moving RF reflector. 
Pathophysiology. 2009;16(2-3):201-204

[73] Sefidbakht Y, Moosavi- 
Movahedi AA, Hosseinkhani S, 
Khodagholi F, Torkzadeh-Mahani M, 
Foolad F, et al. Effects of 940 MHz 
EMF on bioluminescence and 
oxidative response of stable luciferase 
producing HEK cells. Photochemical 
& Photobiological Sciences: Official 
Journal of the European Photochemistry 
Association and the European Society 
for Photobiology. 2014;13(7):1082-1092

[74] Rao DV, Watson K, Jones GL. Age-
related attenuation in the expression of 
the major heat shock proteins in human 
peripheral lymphocytes. Mechanisms 
of Ageing and Development. 
1999;107(1):105-118

[75] Hsu A-L, Murphy CT, 
Kenyon C. Regulation of aging 
and age-related disease by DAF-16 
and heat-shock factor. Science. 
2003;300(5622):1142-1145



Ionizing and Non-ionizing Radiation

28

[76] Cohen E, Bieschke J, Perciavalle RM, 
Kelly JW, Dillin A. Opposing activities 
protect against age-onset proteotoxicity. 
Science. 2006;313(5793):1604-1610

[77] Perez FP, Zhou X, Morisaki J, 
Ilie J, James T, Jurivich DA. Engineered 
repeated electromagnetic field shock 
therapy for cellular senescence and age-
related diseases. Rejuvenation Research. 
2008;11(6):1049-1057

[78] Shellock FG, Bierman H. 
The safety of MRI. Journal of the 
American Medical Association. 
1989;261(23):3412

[79] Hill D. Human whole-body 
radiofrequency absorption 
studies using a TEM-cell exposure 
system. IEEE Transactions on 
Microwave Theory and Techniques. 
1982;30(11):1847-1854

[80] Allen SJ. Measurements of power 
absorption by human phantoms 
immersed in radio-frequency fields. 
Annals of the New York Academy of 
Sciences. 1975;247(1):494-498

[81] Lin JC. A new IEEE standard for 
safety levels with respect to human 
exposure to radio-frequency radiation. 
IEEE Antennas and Propagation 
Magazine. 2006;48(1):157-159

[82] Perez FP, Ilie JI, Zhou X, Feinstein D, 
Jurivich DA. Pathomolecular effects 
of homocysteine on the aging process: 
A new theory of aging. Medical 
Hypotheses. 2007;69(1):149-160

[83] Park D, Jeong H, Lee MN, Koh A, 
Kwon O, Yang YR, et al. Resveratrol 
induces autophagy by directly inhibiting 
mTOR through ATP competition. 
Scientific Reports. 2016;6:21772

[84] Baur JA, Pearson KJ, Price NL, 
Jamieson HA, Lerin C, Kalra A, et al. 
Resveratrol improves health and 
survival of mice on a high-calorie diet. 
Nature. 2006;444(7117):337

[85] Small GW, Kepe V, Ercoli LM, 
Siddarth P, Bookheimer SY, Miller KJ, 
et al. PET of brain amyloid and tau 
in mild cognitive impairment. New 
England Journal of Medicine. 
2006;355(25):2652-2663

[86] Perez FP, Bandeira JP, Morisaki JJ, 
Peddinti SVK, Salama P, Rizkalla J, et al. 
Antenna design and SAR analysis on 
human head phantom simulation for 
future clinical applications. Journal of 
Biomedical Science and Engineering. 
2017;10(9):421-430

[87] Christ A, Chavannes N, Nikoloski N, 
Gerber HU, Pokovic K, Kuster N. A 
numerical and experimental comparison 
of human head phantoms for 
compliance testing of mobile telephone 
equipment. Bioelectromagnetics. 
2005;26(2):125-137

[88] Suryadevara VK, Patil S, 
Rizkalla J, Helmy A, Salama P, Rizkalla M. 
Microwave/thermal analyses for human 
bone characterization. Journal of 
Biomedical Science and Engineering. 
2016;9(02):101

[89] Rizkalla J, Jeffers M, Salama P, 
Rizkalla M. Electromagnetic simulation 
for diagnosing damage to femoral neck 
vasculature: A feasibility study. Journal 
of Orthopaedics. 2018;15(4):997-1003

[90] Borkar R, Rizkalla J, Kwon Y, 
Salama P, Rizkalla M. Electromagnetic 
simulation of non-invasive approach 
for the diagnosis of diabetic foot 
ulcers. Journal of Orthopaedics. 
2018;15(2):514-521

Chapter 3

Study of Non-predictive
Patterns of Non-Ionizing
Radiation in the City of Salta
in Argentine
Mario Marcelo Figueroa de la Cruz and Roberto Daniel Breslin

Abstract

Non-ionizing radiation (NIR) is a subject of continuous debate despite having
been regulated internationally and at the level of organizations in all countries. This
debate is focused on the level of population exposure to non-ionizing radiation
density, since there is no certain evidence of the level of safety of the values adopted
ranging from 0.2 mW/cm2 to 0.2 uW/cm2 according to the regulations of each
state. The radiation precisions are made with models that evolve to take into
account most of the factors that can attenuate the radiation emitted from an
antenna from free space to models that take reflection and diffraction as attenuation
factors. However, our work deepens in a phenomenon that is verified in measure-
ment campaigns that is one of the values that do not fit with predictive models and
that, on the contrary instead of showing attenuation, have higher values than
expected. This work shows the results of observation campaigns of these points and
their relationship with environmental conditions, which present diverse
probabilities to explain their condition.

Keywords: non-ionizing radiation, population exposure, antennas,
cellular telephony

1. Introduction

1.1 The characteristics of a normal radiation

A normal non-ionizing radiation (NIR) is that which is produced from a
radiation mechanism based on electromagnetic propagation and its propagation
components; that is, it follows a radiation mechanism where the electromagnetic
wave encounters a discontinuity in its path waveguide, being forced to change the
shape of longitudinal propagation within a closed environment to a spread radiation
in an open environment.

The typical discontinuity that is used for the radiation to be efficient and allows
controlling to some degree the propagation of an essentially isotropic radiation and
transforming it into a directional radiation is the element called antenna.

An antenna, in essence, transforms an ideal isotropic radiation into a radiation
that concentrates, in a certain direction, in the energy coming from a source of
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wave encounters a discontinuity in its path waveguide, being forced to change the
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controlling to some degree the propagation of an essentially isotropic radiation and
transforming it into a directional radiation is the element called antenna.

An antenna, in essence, transforms an ideal isotropic radiation into a radiation
that concentrates, in a certain direction, in the energy coming from a source of
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electromagnetic radiation. In this chapter, we analyze the characteristics of the
normal radiations that generate predictive patterns based on the propagation char-
acteristics and those of the antennas with respect to non-predictive patterns. To
verify this alteration of the patterns, measurement points with discordant values
were obtained in a specific campaign.

2. Elements of radiation

2.1 The antenna and its gain

The energy radiated by an antenna will be distributed uniformly in all directions
and with divergent direction of the source, which in this case is the antenna, this
case is also ideal since the radiation cannot be precise considering that the antenna
does not it is more than a discontinuous prolongation of a transmission line and
therefore has a feature of balanced line or balanced lines, this implies the existence
of two elements or arms and therefore an antenna is basically a dipole.

This implies that, in essence, the radiation will have zero in the directions axial
to the axis of that dipole.

In this way, if the dipole is placed with alignment to the Z axis, that is to say in a
vertical position, the radiation null will be at �90 of the dipole antenna itself.

In the case that the antenna is aligned with the axis y or x, the minimum
radiation will be aligned with the corresponding axis.

However, the generality for broadcasting or cell phone transmission dipole
antennas has an orientation on the Z axis in such a way that the main polarization is
the so-called vertical polarization.

This means that the electric field vector has the same direction as the originating
antenna, i.e., vertical (aligned with the Z axis), and that the magnetic field vector is
of horizontal orientation since it will always be perpendicular to the vector of
magnetic field enunciated in Maxwell’s equations.

Radiation emitted by a dipole is conditioned by two factors that are not directly
related to propagation or radiation and if the electrical characteristics of the circuit
between a transmitting device and an antenna are:

• Adaptation efficiency

• Radiation efficiency

The adaptation efficiency depends on the adaptation of impedances between the
transmission line and the antenna, where what is sought is that the impedance of
the antenna constitutes the conjugate transpose of the impedance of the transmis-
sion line in which case the adaptation is perfect (Figure 1).

ð1Þ

ð2Þ

The radiation efficiency is specified by the relation between the totality of the
energy that is delivered by the transmission line to the antenna and the energy
actually radiated by it. The ideal situation is for the antenna to behave as an
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electrical element of resistance equal to zero, so that 100% of the energy delivered is
radiated, this being an unrealizable situation; however, a part of the energy deliv-
ered is transformed into heat by Joule effect and is conditioned by the quality of the
physical components of the antenna.

Therefore, the gain is conditioned by two efficiencies in such a way that the gain
must be affected by the relationship between the impedance of the line and the
antenna and the relationship between the ohmic and radiation resistances.

ð3Þ

ð4Þ

ð5Þ

However, these considerations are not the only ones to be carried out for wire-
less communication and in particular for cellular telephony due to two factors:

• Limitation on profit

• Unequal coverage

Figure 1.
Thevenin model of transmission of an antenna.
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were obtained in a specific campaign.

2. Elements of radiation

2.1 The antenna and its gain

The energy radiated by an antenna will be distributed uniformly in all directions
and with divergent direction of the source, which in this case is the antenna, this
case is also ideal since the radiation cannot be precise considering that the antenna
does not it is more than a discontinuous prolongation of a transmission line and
therefore has a feature of balanced line or balanced lines, this implies the existence
of two elements or arms and therefore an antenna is basically a dipole.

This implies that, in essence, the radiation will have zero in the directions axial
to the axis of that dipole.

In this way, if the dipole is placed with alignment to the Z axis, that is to say in a
vertical position, the radiation null will be at �90 of the dipole antenna itself.

In the case that the antenna is aligned with the axis y or x, the minimum
radiation will be aligned with the corresponding axis.

However, the generality for broadcasting or cell phone transmission dipole
antennas has an orientation on the Z axis in such a way that the main polarization is
the so-called vertical polarization.

This means that the electric field vector has the same direction as the originating
antenna, i.e., vertical (aligned with the Z axis), and that the magnetic field vector is
of horizontal orientation since it will always be perpendicular to the vector of
magnetic field enunciated in Maxwell’s equations.

Radiation emitted by a dipole is conditioned by two factors that are not directly
related to propagation or radiation and if the electrical characteristics of the circuit
between a transmitting device and an antenna are:

• Adaptation efficiency

• Radiation efficiency

The adaptation efficiency depends on the adaptation of impedances between the
transmission line and the antenna, where what is sought is that the impedance of
the antenna constitutes the conjugate transpose of the impedance of the transmis-
sion line in which case the adaptation is perfect (Figure 1).

ð1Þ

ð2Þ

The radiation efficiency is specified by the relation between the totality of the
energy that is delivered by the transmission line to the antenna and the energy
actually radiated by it. The ideal situation is for the antenna to behave as an
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electrical element of resistance equal to zero, so that 100% of the energy delivered is
radiated, this being an unrealizable situation; however, a part of the energy deliv-
ered is transformed into heat by Joule effect and is conditioned by the quality of the
physical components of the antenna.

Therefore, the gain is conditioned by two efficiencies in such a way that the gain
must be affected by the relationship between the impedance of the line and the
antenna and the relationship between the ohmic and radiation resistances.

ð3Þ

ð4Þ

ð5Þ

However, these considerations are not the only ones to be carried out for wire-
less communication and in particular for cellular telephony due to two factors:

• Limitation on profit

• Unequal coverage

Figure 1.
Thevenin model of transmission of an antenna.
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2.2 The limitation of profit

The gain of an antenna is defined based on a factor called directivity.
The directivity is a factor that is given by the deformation of the radiation lobe

that has a dipolar antenna and is measured as a relationship between a totally
isotropic radiation and the radiation of a lobe that has an angular aperture bounded
by a certain value less than that of isotropic radiation that has a 360-degree lobe.

The directivity can be defined as the lobe whose opening is limited by the angles
that limit radiation with a drop of 3 decibels with respect to the maximum.

So the lobe will have a maximum of radiation in some direction and will have a
smaller amount of radiation in directions with different angles from the maximum,
that angle where it is verified that falls 3 decibels with respect to the maximum
constitutes the limit of the radiation lobe or half power points. In short, the angle of
opening will be twice the angle between the direction of the main lobe and the
direction of the points of half power.

Obviously, the energy is not dispersed but is concentrated within the radiation
lobe, i.e., the Poynting vector of the radiation lobe will have its maximum in the
main direction of it and will decrease in different directions to that of the main lobe
(Figure 2).

The gain of the antenna as previously expressed depends directly on the direc-
tivity so that the lower the opening of the lobe, the greater the verified directivity
and, consequently, the greater the gain allocated to the antenna.

As a consequence, the Poynting vector has a much higher value in the main
direction of the radiation lobe, where the greater part of the radiated energy is
concentrated, so that to have greater radiated energy, a greater directivity is needed.

That is why what is sought in an antenna, in most cases, is the directivity, since
having more energy in the center of the lobe, the attenuation will have a lesser
effect and you can have a communication that arrives with good energy level at a
greater distance.

The design of an antenna is based on the fundamental premise that the radiation
lobe, both vertically and horizontally, is calculated for the electric field of the
radiated wave.

However, the search in wireless communications is based on achieving the
maximum use of radiated energy to achieve propagation distances as long as possi-
ble, which are why the gain of the antenna is the main factor in the efficiency of
telecommunications.

Figure 2.
Directivity of an antenna.
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2.3 Uneven coverage

Coverage is the geographical area in which the energy radiated by a radiator
element such as an antenna has such a value that it can be exploited by an electronic
receiving device.

That is, it is the area where the signal has a suitable value so that the receiving
electronic equipment can adequately transform the electromagnetic signal into an
electrical signal with an adequate signal-to-noise ratio in order to be intelligible
information.

Depending on the type of coverage required, it will be the characteristic of the
antenna that is used to radiate.

If what is required is an omnidirectional radiation, a dipole antenna is more than
enough; however, it is precisely this antenna that has the lowest gain and, therefore,
although it achieves an omnidirectional coverage, the attenuation it suffers is so
strong that the coverage it has is very deficient.

That is why, for the omnidirectional coverage, antennas with a characteristic in
the horizontal lobe of high aperture and in the vertical radiation lobe of high
directivity are used.

A generic situation is to achieve the 360° coverage by antennas that have a
horizontal lobe opening of 120° placing in this case three antennas or even placing 6
antennas with 60° openings.

As far as the coverage in distance is concerned, it depends on the vertical lobe
opening and how it is required to achieve the widest possible coverage. It is required
that the effects of the attenuation in the free space be compensated by the high gain
or directivity that the antenna has.

For this, antenna panels with apertures smaller than 20° are used (Figure 3).
This coverage is usually referred to as the footprint of the antenna and the

situation generates that in the areas closest to the antenna there is more radiation in
the case that the center of the radiation lobe is aimed at the point closest to the
antenna.

Figure 3.
Huawei Dual Band Panel Radiation Diagram ADU4518R3 [1].
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The design of an antenna is based on the fundamental premise that the radiation
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2.3 Uneven coverage

Coverage is the geographical area in which the energy radiated by a radiator
element such as an antenna has such a value that it can be exploited by an electronic
receiving device.

That is, it is the area where the signal has a suitable value so that the receiving
electronic equipment can adequately transform the electromagnetic signal into an
electrical signal with an adequate signal-to-noise ratio in order to be intelligible
information.

Depending on the type of coverage required, it will be the characteristic of the
antenna that is used to radiate.

If what is required is an omnidirectional radiation, a dipole antenna is more than
enough; however, it is precisely this antenna that has the lowest gain and, therefore,
although it achieves an omnidirectional coverage, the attenuation it suffers is so
strong that the coverage it has is very deficient.

That is why, for the omnidirectional coverage, antennas with a characteristic in
the horizontal lobe of high aperture and in the vertical radiation lobe of high
directivity are used.

A generic situation is to achieve the 360° coverage by antennas that have a
horizontal lobe opening of 120° placing in this case three antennas or even placing 6
antennas with 60° openings.

As far as the coverage in distance is concerned, it depends on the vertical lobe
opening and how it is required to achieve the widest possible coverage. It is required
that the effects of the attenuation in the free space be compensated by the high gain
or directivity that the antenna has.

For this, antenna panels with apertures smaller than 20° are used (Figure 3).
This coverage is usually referred to as the footprint of the antenna and the

situation generates that in the areas closest to the antenna there is more radiation in
the case that the center of the radiation lobe is aimed at the point closest to the
antenna.

Figure 3.
Huawei Dual Band Panel Radiation Diagram ADU4518R3 [1].
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What is required, for a good coverage, is that all users have reasonably the same
level of signal. It is customary to make the center of the radiation lobe point toward
the most extreme point, so that the signal level at the most extreme point coincides
with the maximum of the radiation lobe. In the same way, those points that coincide
with the minimum values of the radiation ovule, i.e., the 3 decibel points, are those
that have less attenuation by distance.

In this way, the radiation lobe will tilt such that the level of radiation that will
suffer the least attenuation by distance will fall at the point of coverage closest to
the antenna and that the center of the radiation lobe having the highest power will
suffer the greater attenuation in such a way that the coverage is equalized between
both extremes and the users do not feel the decrease of the signal given by the
attenuation in the free space (Figure 4).

It is evident that the height of the tower on which the antenna is located has a
direct influence on the coverage area; however, there is a limitation that has to do
with the attenuation in the free space so that the height of the tower has a practical
limit that has to do with coverage and attenuation.

ð6Þ

ð7Þ

where A is the downtilt angle of the main beam, H is the height of the antenna
relative to the ground, and BW is the angle of opening of the lobe for 3 dB of fall
with respect to the main lobe.

These trigonometric equations give us the rule that the largest distance will
depend on the angle of inclination that is the lowest, possibly and logically, and will
also depend on the height of the tower as it has a direct proportionality.

It is very evident that if the value of the bandwidth of the beam width is 15° half
of it will be 7° and the minimum distance of radiation from the base of the antenna
would be corresponding to 7°. However, this would imply that it is directly pointing
down. (A = 90°), which is not feasible or economically acceptable.

Considering that the Poynting vector analyzed practically how radiation density
per unit area is 100 watts over square centimeters, a normal tread has a radiation

Figure 4.
Coverage method by downtilt [2].
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density value of the order of 0.2 W/cm2. This value is very important to take into
account in the study of electromagnetic emission, derived from the radiation of a
cell phone installation, characterizing the emission in the exclusive values of the
frequency spectrum used by this application, for which the considered emission is
in the values of 700 megahertz at 2.3 GHz

These values are directly related to the tread and with the radiated power from
the radio bases and correspond to an average value of �79 decibels.

Mobile cellular equipment in turn will change its data reception system
depending on the signal level in such a way that when receiving a signal lower than
this value, it will automatically change to Enhanced Data Rates for GSM Evolution
(EDGE) or General Packet Radio Service (GPRS) mode.

Therefore, the signal level will directly affect the speed of the internal modems
of cellular equipment.

2.4 The antennas

Another aspect that has to be taken into account is what is normal radiation has
to do with the emitting antennas.

The mobile telephone antennas are characterized by being bi-directional (emis-
sion or reception) of low power. In addition to producing RF radiation, they are
mounted on poles, transmission towers, or the roofs of tall buildings, since they
need to be at a certain height in order to have a wider coverage.

In a typical mobile telephone antenna, the radio emission is made toward the
front and horizontally, in the form of a substantially flat beam, and covers a sector
between 60 and 120°. Emissions are almost non-existent in the other directions
(back, bottom, and top).

The characteristics of the antennas and the conditions in which they are usually
installed make the emission levels in terms of radiation density very low in the place
where they are located.

The flat panel antennas, as the name suggests, are a square- or rectangular-
shaped panel. And they are configured in a patch-type format. Flat panel antennas
are very directional since most of their radiated power is a single direction in either
the horizontal or the vertical plane. In the elevation pattern (Figure 5) and in the
azimuth pattern (Figure 6) [3], you can see the directivity of the flat panel antenna.

The flat panel antennas can be manufactured in different directivity values
according to their construction. This can provide excellent directivity and consid-
erable gain.

These panels, in fact, are an array of 4 or 5 antennas whose separation between
each other within the panel and the different paths that run through the signal in
the waveguides that feed them provide an additional tilt (called an electric tilt).

The angle of inclination of the main lobe is the sum of the mechanical TILT
(conditioned by mobile supports) and the electric TILT given by the regulation of
the paths (phase delays) of the power supply of each antenna of the array installed
in a panel (Figure 7).

2.5 Calculation of normal radiation

Normal radiation follows a predictive pattern in which there are components
that allow to know what is the power density value in the surface based on:

• The power with which the antenna is fed

• The attenuations of the connections
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in the values of 700 megahertz at 2.3 GHz

These values are directly related to the tread and with the radiated power from
the radio bases and correspond to an average value of �79 decibels.

Mobile cellular equipment in turn will change its data reception system
depending on the signal level in such a way that when receiving a signal lower than
this value, it will automatically change to Enhanced Data Rates for GSM Evolution
(EDGE) or General Packet Radio Service (GPRS) mode.

Therefore, the signal level will directly affect the speed of the internal modems
of cellular equipment.

2.4 The antennas

Another aspect that has to be taken into account is what is normal radiation has
to do with the emitting antennas.

The mobile telephone antennas are characterized by being bi-directional (emis-
sion or reception) of low power. In addition to producing RF radiation, they are
mounted on poles, transmission towers, or the roofs of tall buildings, since they
need to be at a certain height in order to have a wider coverage.

In a typical mobile telephone antenna, the radio emission is made toward the
front and horizontally, in the form of a substantially flat beam, and covers a sector
between 60 and 120°. Emissions are almost non-existent in the other directions
(back, bottom, and top).

The characteristics of the antennas and the conditions in which they are usually
installed make the emission levels in terms of radiation density very low in the place
where they are located.

The flat panel antennas, as the name suggests, are a square- or rectangular-
shaped panel. And they are configured in a patch-type format. Flat panel antennas
are very directional since most of their radiated power is a single direction in either
the horizontal or the vertical plane. In the elevation pattern (Figure 5) and in the
azimuth pattern (Figure 6) [3], you can see the directivity of the flat panel antenna.

The flat panel antennas can be manufactured in different directivity values
according to their construction. This can provide excellent directivity and consid-
erable gain.

These panels, in fact, are an array of 4 or 5 antennas whose separation between
each other within the panel and the different paths that run through the signal in
the waveguides that feed them provide an additional tilt (called an electric tilt).

The angle of inclination of the main lobe is the sum of the mechanical TILT
(conditioned by mobile supports) and the electric TILT given by the regulation of
the paths (phase delays) of the power supply of each antenna of the array installed
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that allow to know what is the power density value in the surface based on:

• The power with which the antenna is fed
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• The antenna gain affected by the coupling coefficients and radiation loss
coefficient

• The attenuation in free space

Figure 5.
Flat elevation pattern high gain panel [3].

Figure 6.
Azimuth flat high gain panel pattern [3].
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The resulting value can still be added to a variety of attenuations produced by
the surrounding environment that can be characterized as:

• High density urban

• Urban low density

• Suburban

• Rural

These attenuation parameters have been contemplated in various models such as
the following:

2.5.1 Propagation model in free space

This model is used to predict the power of the signal when there is a clear line
of sight between the transmitter and the receiver. Satellite communication
systems and microwave links can be modeled as free space propagation. The free
space model predicts that the received power decays as a function of the
separation distance between the transmitter and receiver raised to some
power. The power received in the free space by a receiving antenna,
which is separated from the transmitting antenna by a distance d, is given by the
equation.

Pr dð Þ ¼ PtGtGr λ2= 4 πð Þ2 d2 L (8)

Where Pt is the transmitted power, Pr is the received power that is a function of
the Tx-Rx separation (transmitter-receiver), Gt is the transmit antenna gain, Gr is
the gain of the receiving antenna, D is the separation distance of Tx-Rx given in
meters, λ is the wavelength given in meters, and L depends on the obstacles, line of
sight is = 1.

The equation shows that the power of the received signal is attenuated to form
the square of the distance between the transmitter and the receiver, which implies
that 20 dB /decade decays.

2.5.2 Okumura model

The Okumura model [5] is one of the most widely used for signal prediction in
urban areas. This model is applicable for frequencies in the range of 150–1920 MHz,

Figure 7.
Angle of an array of antennas caused by different phases [4].
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that is, it comprises the VHF and UHF band (however, it is typically extrapolated
for frequencies above 3000 MHz entering the SHF band) and distances of 1 Km to
100 Km. It can be used for antenna heights of the base station in the range of 30–
1000 m.

The model can be expressed as:

L50 dBð Þ ¼ LFþ Amu f ;dð Þ � G hteð Þ �G hreð Þ �GAREA (9)

where L50 (dB) is the median attenuation per trajectory, LF is the free space
attenuation, Amu (f, d) is the average relative attenuation (curves), G (htx) is the
height gain of the Tx antenna, G (hrx) is the height gain of the Rx antenna, and
GAREA is the gain due to the type of environment.

Okumura found that G (hte) varies at an index of 20 dB/decade and G (hre)
varies at an index of 10 dB/decade for heights less than 3 m.

G (hte) = 20log (hte/200) for 30 m < hte < 1000 m
G (hre) = 10log (hre/3) for hre < 3 m
G (hre) = 20log (hre/3) for 3 m < the <10 m
It is one of the simplest and most suitable models for attenuation predictions.

2.5.3 Hata model (Okumura-Hata)

It is an empirical formulation of the propagation loss data provided by Okumura
and is valid in the frequency range of VHF and UHF, from 150 to 1500 MHz.
Although Hata [5] presented the losses within an urban area as a standard formula:

L50 urbanð Þ dBð Þ ¼ 69:55þ 26:16 log fc� 13:82 log hte� a hreð Þ
þ 44:9� 6:55 log hteð Þ log d

(10)

Taking into account that:
150 MHz < fc <1500 MHz
30 m < hte <200 m
1 m < hre <10 m
It should be considered that the definitions are the same as for the Okumura

model, including:

• fc: carrier frequency [MHz].

• the height of the transmitting antenna in [m] in the range from 30 to
200 meters.

• hre: receiving antenna height in [m] in the range from 1 to 10 meters.

• a (hre): correction factor for the effective height of the mobile antenna that is
function of the type of service area.

• d: distance between transmitter and receiver [km].

As can be seen, it involves a new variable that is the correction factor of the
mobile antenna and is defined according to the size of the city:

For small- and medium-sized cities:

a hreð Þ ¼ 1:1 log fc� 0:7ð Þ hre� 1:56 log fc� 0:8ð Þ dB (11)
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For large cities:

a hreð Þ ¼ 8:29 log 1:54hreð Þ 2� 1:1 dB for fc < 300 MHz (12)

a hreð Þ ¼ 3:2 log 11:75hreð Þ 2� 4:97 dB for fc>300 MHz (13)

The following is the formula that can be used in a suburban environment:

L dBð Þ ¼ L50 urbanð Þ � 2 log fc=28ð Þ½ � 2� 5:4 (14)

For rural areas:

L dBð Þ ¼ L50 urbanð Þ � 4:78 log fcð Þ 2þ 18:33 log fc� 40:94 (15)

This model adapts very well for the design of large-scale systems, but not for
PCS systems, which have cells of the order of 1 km radius. For this purpose, a
numerical-empirical formulation of the graphical data provided by Okumura of
attenuation for urban areas is made.

2.5.4 Model cost 231 (extension of the Hata model)

The European Cooperative for Scientific and Technical Research (EURO-
COST) [5] developed the COST 231 model, in which it extends the Hata
model up to the 2 GHz range covering the VHF and UHF bands. The model is
expressed as:

L50 urbanð Þ ¼ 46:3þ 33:9 log fc� 13:82 log hte� a hreð Þ
þ 44:9� 6:55 log hteð Þ log dþ CM

(16)

where CM is a correction factor to adapt the model by extending the frequency
range for which the Hata model operates, CM is 0 dB for medium-sized cities and
suburban areas, CM is 3 dB for metropolitan centers, and a (hre) corresponds to the
equations presented in the previous topic (Hata Model).

One of the contributions of this model is to consider dispersion losses.
It is also defined in the following range:
f: 1500–2000 MHz
Th: 30–200 m
hre: 1–10 m
d: 1–20 km

2.5.5 Calculations based on normative resolution N° 3690/04

Although the above are mitigation calculations, the regulations applied in
Argentina are those issued by CNC (National Communications Commission) under
resolution number 3690 of 2004 [6].

In the aforementioned, reference is made to the fact that prior to any measure-
ment, a predictive calculation based on attenuation in space must be made, which
takes into account the antenna power to calculate the radiation density in relation to
the distance.

ð17Þ
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100 Km. It can be used for antenna heights of the base station in the range of 30–
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þ 44:9� 6:55 log hteð Þ log d

(10)

Taking into account that:
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1 m < hre <10 m
It should be considered that the definitions are the same as for the Okumura

model, including:

• fc: carrier frequency [MHz].

• the height of the transmitting antenna in [m] in the range from 30 to
200 meters.

• hre: receiving antenna height in [m] in the range from 1 to 10 meters.

• a (hre): correction factor for the effective height of the mobile antenna that is
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For small- and medium-sized cities:

a hreð Þ ¼ 1:1 log fc� 0:7ð Þ hre� 1:56 log fc� 0:8ð Þ dB (11)
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For large cities:

a hreð Þ ¼ 8:29 log 1:54hreð Þ 2� 1:1 dB for fc < 300 MHz (12)

a hreð Þ ¼ 3:2 log 11:75hreð Þ 2� 4:97 dB for fc>300 MHz (13)

The following is the formula that can be used in a suburban environment:

L dBð Þ ¼ L50 urbanð Þ � 2 log fc=28ð Þ½ � 2� 5:4 (14)

For rural areas:

L dBð Þ ¼ L50 urbanð Þ � 4:78 log fcð Þ 2þ 18:33 log fc� 40:94 (15)

This model adapts very well for the design of large-scale systems, but not for
PCS systems, which have cells of the order of 1 km radius. For this purpose, a
numerical-empirical formulation of the graphical data provided by Okumura of
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þ 44:9� 6:55 log hteð Þ log dþ CM

(16)

where CM is a correction factor to adapt the model by extending the frequency
range for which the Hata model operates, CM is 0 dB for medium-sized cities and
suburban areas, CM is 3 dB for metropolitan centers, and a (hre) corresponds to the
equations presented in the previous topic (Hata Model).
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hre: 1–10 m
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2.5.5 Calculations based on normative resolution N° 3690/04

Although the above are mitigation calculations, the regulations applied in
Argentina are those issued by CNC (National Communications Commission) under
resolution number 3690 of 2004 [6].

In the aforementioned, reference is made to the fact that prior to any measure-
ment, a predictive calculation based on attenuation in space must be made, which
takes into account the antenna power to calculate the radiation density in relation to
the distance.
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where S is the power density in W
m2:, PRA is the antenna power in W, F is the

attenuation at times of radiation at a certain angle of incidence in the vertical plane
if it is unknown to adopt 1, 2.56 is an empirical reflection factor that takes into
account the possibility that fields reflected in phase can be added to the direct
incident field, and R is the distance from the antenna in meters.

3. Background on normal RNI measurements

Measurements of non-ionizing radiation are clearly developed not only with a
number of works on the subject, only to exemplify the work of Azpurua et al. [7],
the thesis work of Br. Jorge Juan Eduardo Ríos Solar [8], or the work that preceded
it [9] and the relevant regulations in Argentina. In all these works and even regula-
tions, measurements are made or measurements based on the theoretical radiation
lobes are standardized of the installations taken as a reference for the emission of
non-ionizing radiation.

3.1 Normal measurements made

This research developed a plan of field measurements, which focused on areas
already studied in the project “Analysis of Measurements of Non-Ionizing Radiation
in the City of Salta from the UCASAL” [9]. It was extended for 2 months in the
areas studied and new areas.

The methodology emanating from RES N ° 3690/04 was used because the
following stipulations were applied:

3.1.1 Selection criteria for measuring points

• The measurement must be made at accessible points by the public.

• The measurement points will be chosen according to the characteristics of the
system.

• Irradiation and the wavelength of the emissions, where “applicable a the
predictive calculations”.

• For omnidirectional systems, at least 16 points should be selected, conveniently
located on the ground, whose separation from the station is a function of the
wavelength of the emitter.

Factors that influence the response of the instruments:
The following should be taken into account when making measurements:

• Variation of the impedance of antennas or probes in the vicinity of conductive
surfaces

• Capacitive coupling between the probe and the field radiation source

The influence of these factors can be reduced by maintaining a separation
greater than 20 cm or three times the size of the probe, whichever is greater, with
respect to the source of re-irradiation field. That is why it is recommended that the
antennas and/or probes are installed on tripods of non-conductive material.

40

Ionizing and Non-ionizing Radiation

3.1.2 Instruments used

In all cases, the instruments used were a TES-92 and TM-190 (TENMARS);
previously, a contrast of measurements was made with an NARDA �550 that was
taken as a calibration standard in a total of 25 measurements, the dispersion of
results of 10% for TES-92 and 22% for TM-190, so the measurements presented
correspond (unless specific indication) to TES-92.

The characteristics of the instrument are:

• Sensor type: electric field (E)

• Frequency range: 50–3.5 GHz

• Directional characteristic: isotropic, three-dimensional

• Measuring range (signal >50 MHz): 20 mV/m up to 108.0 V/m

• Error of use (@ 1 V/m and 50 MHz): � 1.0 dB

• Frequency response (taking into account the number Factor CAL Factor:
�1.0 dB (50 MHz–1.9 GHz), �2.4 dB (1.9–35 GHz)

• The noise deviation: Type. �1.0 dB f > 50 MHz

• Load limit: 4.2 W/m2 (40 V/m)

3.1.3 Normal measurement site Miguel Ortiz

The Miguel Ortiz site is an area centered on a monopost and located in the
northern area of the city of Salta. It is characterized for being a suburban and quasi-
rural location, since two of the panels partially cover areas corresponding to the
field. It also covers an area of the Bolivian avenue that is an urban continuation of
the highway of the same name. That is why in the path marked according to
the regulations, there are rough areas of absolute clearance and line of sight
(Figures 8 and 9).

Some deviations (attributed to motorway conditions) can be seen, although the
trend of the curve follows a predictive pattern

3.1.4 Normal measurement site Castañares

This site is relevant because the first 150 ms of separation from the antenna are
in free space due to the presence of a clear field; here, the installation is of a self-
supporting tower 40 meters high (Figures 10 and 11).

3.1.4.1. Linear correction factor

A correction by footprint is made linearly from the point of �3 dB not taking
into account the real lobe but an approximation that does not take secondary lobes
into account.

K ¼ 0:707 þ 1� 0:707ð Þ= 198� 108ð Þ: Distance� 108ð Þ (18)
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Figure 10.
Castañares site measurement route.

Figure 9.
Graph of radiation density measurements and predictive patterns. Miguel ortiz site.

Figure 8.
Miguel Ortiz site measurement area.
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3.1.5 Conclusions of normal measurements

In both cases, it can be observed that there is a clearance at least in the first
section of the measurement and that it responds to the calculation trend taking into
account the theoretical tread.

The uniformity in density values along the tread is also denoted, which is a
desirable effect and compatible with an expected behavior for mobile telephony
coverage.

4. Non-predictive patterns

During the measurement process referred to in the work “Analysis of Measure-
ments of Non-Ionizing Radiation in the City of Salta from the UCASAL” [10], a
series of random measurements were taken and also values were found that do not
respond to a predictive pattern within urban trajectories and in trajectories in
suburban environments but with sufficient clearance to be considered with little
incidence of buildings; however, it was observed that there are phenomena that
cannot be predicted with the stated models since they correspond to the attenuation
in the free space and this is added in all cases of additional attenuations.

The cases that are listed show sites where, in the level of radiation density, not
only does it not follow a predictive pattern, but also the level of radiation density
increases.

4.1 History of discordant measurements

4.1.1 Aeroclub Salta site

The measurement in the Aeroclub Salta site constitutes the first measurement
parameter discordant with the applied theory from the point of view of both the
attenuation in the free space and the correction by tread (Figures 12 and 13).

The point located at 200 meters and the point located at 180 meters completely
change the predictivity of the measurement; although the scope of measurement is
free space in most of the path, the jarring factor is given in a point close to metal
signage with a minimum height of 3 meters.

4.1.2 Guayacanes Site

This is a completely suburban site in the Tres Cerritos neighborhood of the City
of Salta. It is a self-supporting tower 65 meters high and has a large number of
panels as it is used by three telephone companies to provide service in the area.

Figure 11.
Graph of radiation density measurements and predictive patterns. Castañares site.
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Measurements followed a path in a street (Las Acacias) that provides a line of sight
of good quality and there is even a square with ample clearance (Figures 14 and 15).

The values measured in this area are much higher than the trend, and addition-
ally, they are punctual since, as the advance of the planned measurement path
continues, they return to their normal value.

It can be seen that in a high clearance area there are highly discordant points

Figure 12.
Measurement trajectory and discordant points. Aeroclub Salta site.

Figure 13.
Graph of radiation density measurements and predictive patterns. Aeroclub Salta site.

Figure 14.
Measurement trajectory and discordant points. Guayacanes site.
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4.1.3 Considerations regarding low-frequency radiation

The aerial lines of low- and medium-voltage lines are in some cases considered
as causing a probability of increase in the radiation density by radiofrequency,
which is why it is worth considering what the applicable concept of immission is
and what the ranges of measurement of the immission sensors used by the
instruments are.

4.1.3.1 Definition of Immission

As can be inferred from [11], “this term refers (in law) to an attack, aggression
or attack of environmental type or also to a concentration, agglutination or con-
glomeration of pollution or the transfer of pollutants in a place or site and at a
specific moment, more in common in the air and in general to an electromagnetic
energy or radioactive particles.”

The analysis of the definition is very useful because the agglutination does not
imply a sum necessarily (it is an essentially biological concept) [12] and the possi-
bility of a concentration.

In the case of electromagnetic immission, it must be considered that the sensors
used for measurement are made in the three electric field vectors (x and z) and the
sum is a vector sum of these fields.

However, the sensed fields start from frequencies from 100 Khz. If we consider
the harmonic spectrum of an electrical network, this would correspond to a har-
monic of order 2000, considering 50 Hz as fundamental frequency, so it cannot be
considered to the radiation of electric lines as a member of the emission that can be
measured by RNI sensors.

Such is the case that there are no sensors with such a large bandwidth to detect
RF radiation with values below 100 KHz [13], and in fact the detectors are based on
Schottky diodes with bounded bandwidths, hence the need to change the probe for
certain high-frequency measurements.

5. Measurements of points that do not respond to predictive patterns

5.1 Work methodology

In the research project “Analysis of non-predictive patterns of non-ionizing
radiation in a sector of the northern area of the City of Salta” approved by the

Figure 15.
Graph of radiation density measurements and predictive patterns. Guayacanes site.
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research council of the UCASAL a plan of measurements inside and outside lobe
trajectories is planned of radiation, a work methodology and a measurement proto-
col were implemented in accordance with the objective of identifying and charac-
terizing points where the radiation value exceeds the normal value of the area. Off-
trajectory measurements were also made from radiation lobes centered on radio
bases with the sole purpose of verifying the possible existence of other points of
discordance, not with a radiation pattern but with their close environment.

Thus, random routes were generated with a permanent measurement method-
ology with configurable alarm instrument, and it was particularized in density
levels higher than 1 uW/cm2.

For the field measurements, both the TES-92 meter (which exclusively measures
the emission in a range of 300 KHz–2.5 GHz) and the TM-190 meter that measures
a range of 50 MHz–3.5 GHz of RNI were used. And additionally, it measures
electromagnetic and electric field radiation separately in the frequency of 50 to 60
exclusively. The objective of this double measurement was to contrast the presence
of abnormal values of electric fields in conditions of electromagnetic fields relevant
to this study.

5.2 Background of “hot” points

In informal measurements prior to the launch of the measurement campaign, 4
points were found where the level greatly exceeds the level of 1 uW/cm2, reaching
values of 2.75 uW/cm2. That measurement campaign was launched with the aim of
finding other points and analyzing the environmental conditions in order to estab-
lish a prediction pattern.

5.3 Work hypothesis

5.3.1 Metallic surfaces

As a consequence of the aforementioned antecedents, the possibility arises that
there are specific locations, or small areas where phenomena of increase in the level
of radiation density are manifested that are not a consequence of the emission
produced by antenna radiation, but of other factors which are related to the envi-
ronment of the point in question.

There is sufficient evidence of the increase in light radiation at infrared fre-
quencies and visible by the effects of the surfaces on which they affect, such as the
case of Raman scattering. [14] When light interacts with matter, it can disperse
inelastically from vibrational quantum states. During this process, the photons can
lose energy, or gain it from vibratory excitations, and it can also produce a con-
comitant change in the scattered frequency. The phenomenon, called the Raman
effect, was discovered experimentally in 1928 by C. V. Raman and K. S. Krishnan in
India and, independently, by Leonid Mandelstam and Grigory Landsberg in the
former Soviet Union.

Oldenburg SJ, Hale GD, Jackson JB, and Halas NJ postulate in their work Light
scattering from dipole and quadrupole nanoshell antennas [15] that metal
nanoshells are nanoscale optical components that allow the controllable redirection
of electromagnetic radiation through a careful engineering of its multilayer
structures. By varying the size of the core and the thickness of the shell of these
nanoparticles, nanoscale “antennas” are constructed that can be selectively driven
in a dipolar or quadrupole oscillation pattern. With spaced transverse sections many
times larger than their physical cross-section, these antennas are efficiently coupled
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to the incident electromagnetic wave. These structures can focus, redirect, or divide
incident light

In this sense, Martin Moskovits in his work Surface-Enhanced Spectroscopy [16]
reveals that molecules adsorbed on specially prepared silver surfaces produce a
Raman spectrum that is sometimes a million times more intense than expected. This
effect was called improved surface Raman scattering (SERS). Since then, the effect
has been demonstrated with many molecules and with several metals, including Cu,
Ag, Au, Li, Na, K, In, Pt, and Rh.

Another factor that could be the cause of non-predictive patterns is stated in the
work of Francisco J. Rodríguez-Fortuño, Giuseppe Marino, Pavel Ginzburg, Daniel
O’Connor, Alejandro Martínez, and Gregory A. W, Near-Field Interference for the
Unidirectional Excitation of Electromagnetic Guided Modes [17], where they pos-
tulate that wave interference is a fundamental manifestation of the superposition
principle with numerous applications. Although in conventional optics, the inter-
ference between waves that experience different phase advances during propaga-
tion, the vector structure of the near field of an emitter is essential to control its
radiation, since it interferes with the interaction with a mediating object. Then, the
near-field interference of a circularly polarized dipole results in the unidirectional
excitation of the electromagnetic modes guided in the near field, without a pre-
ferred far-field radiation direction.

With these studies, it can be postulated that in the vicinity of certain surfaces
there may be abnormal concentrations of radiation with respect to a prediction
based on the propagation models from a source based on an antenna and that there
is a dependence of the characteristics of this abnormality with the polarization that
occurs in the near field of the source, so not all antennas could produce constructive
interferences.

Under this hypothesis is that a campaign of measurements focused on the prob-
ability of finding hot spots of radiation density in certain environmental conditions,
in particular, metallic reflective surfaces or with reflective paints, is required.

It is a possibility that these points are the consequence of antennas or panels that
have circular polarization characteristics, that is, discarding the linear polarization
dipoles.

5.3.2 Electric distribution transformers

Although the emission should not be related to power lines, it is no less true
that the process of transforming voltage with high power levels could generate
harmonics that contribute to the emission, whose value could be a significant
analysis of the presence of transformers in the vicinity of points of high radiation
density.

5.3.3 Buildings of 2 or 3 floors that could produce reflections

Resolution ITU No P526-11 is a methodology that includes a series of predictive
patterns taking into account a variety of effects of buildings on the radiation pattern
by diffraction [18] and most other propagation models also take into account
reflection effects. It is necessary to identify the presence of buildings with a differ-
ential height with respect to the normal level of buildings; in this sense, it will take
into account only the buildings very close to the points of differential radiation of
electromagnetic density.

For these purposes, a non-predictive non-ionizing radiation measurements
protocol was designed.
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6. Protocol of measurement of RNI under non-predictive patterns

In order to systematize the analysis of the environmental conditions that could
eventually generate points with differential RNI levels, a working protocol was
established based on the hypothesis that certain elements or constructive charac-
teristics could be generating the points with radiation differentials with respect to
normal radiation in the area.

6.1 Measurement protocol of non-predictive patterns

1. A known radiation source of omnidirectional radiation must be determined in
the UHF or higher bands whose radiation model is omnidirectional. To this
end, the application Cell Network Info lite or similar should be used in an
Android phone to locate the antenna on which the route will be based.

2. An analysis grid will be drawn identifying the route to be carried out. For this
purpose, radial routes to the location of the tower should be prioritized.

3.A walking tour will be started by holding the TES 92 meter or similar in a hand
at an approximate height of 1.60 meters above ground level, your own cell
phone or any other device that can emit radiation (e.g., Bluetooth) must be
deactivated.

4.The field analyst must observe the radiation indicator At all times looking for
radiation patterns that exceed the normal nominal values of the area by 100%
or more.

5. Upon the detection of a value such as stated above, proceed as follows:

a. The field analyst will stop or start a scan in the detailed area looking for the
point where the maximum radiation is detected.

b. At that point, he will proceed to do the following:

i. Record the exact coordinates of the site.

ii. Photograph the meter at that point.

iii. Take the meter to a nearby point where the radiation level is
significantly lower.

iv. Record the coordinates of this point.

v. Photograph the meter in the foreground and in the background the
place where the significant level was verified.

vi. Return to the point where the significance was verified.

c. He will make an observation of the physical/constructive characteristics of
the place, emphasizing the following aspects:

i. Constructions or parts of metal buildings both solid and grilled.

ii. Metal signage nearby.

iii. Surfaces that can be identified as reflective.

iv. Metal gates.
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v. Vehicles parked in the vicinity (in this case, check again when the
vehicle is not).

vi. Painted surfaces with some type of metallic or shiny paint.

vii. Presence of obvious radiation sources (such as antennas, transformers,
welding machines, electric motors in operation, generators, etc.).

viii. Any other aspect of the environment that is relevant.

d. He will photograph the surrounding environment and place particular focus
on the constructions or elements listed.

6.Continue the journey under the rules stated.

7. Results of measurements under protocol of measurement of RNI
under non-predictive patterns

Table 1 shows the values found taking into account the value of the point found
and the value of its environment, obtaining the differential value. The table is
ordered in descending order with respect to the differential.

7.1 Analysis of sites with non-predictive values of radiation level

From the analysis of Table 1, the following conclusions can be obtained:

• The radius of a point of high differential radiation is variable and does not
depend on the center’s RNI level.

• The radiation differential between the maximum and the normal level is not
directly related to the maximum level of radiation.

• The observed average radius is 1.81 mts.

7.2 Analysis of the relationship between points of high level of radiation and
distance to the most likely site of emission

Table 2 is shown in order to determine the possible relationship between the
proximity to the emission source and the points with the highest differential value
of radiation density with respect to the normal values of the site.

7.2.1 Conclusions of analysis of the relationship between points of high level of radiation
and distance to the most likely site of emission

From Table 2 and Figure 16, it can be seen that there is no relationship between
the increase in the differential of radiation and the distance to the most probable
source of radiation since, for example, for a distance to the site of most likely
emission of 100 meters, radiation differential values as different as 16.95 uW/cm2

uW
cm2 are appreciated as 0.81 uW/cm2.
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ID site Coordinates Dif real-
normal

Level l
uW
cm2

Normal
level uW

cm2

Radius
(mts)

9-Rioja 880 �24.76664,
�65.39294

16.95 20.15 3.2 0.5 a 1

14-Avda. Independencia 1286 �24.80827,
�65.39923

16.14 17.64 1.5 4

8-Rioja 862 �24.77988,
�65.40314

7.71 8.51 0.8 0.4 a 0.9

12-Avda. Paraguay y J
Castellanos

�24.80575,
�65.4197

4.134 5.058 0.924 2

15-Avda. Independencia 1290 �24.80828,
�65.39889

4.05 5.25 1.2 3

7-Rioja 842 �24.7813,
�65.40111

2.859 3.599 0.74 0.9 a 1.5

4-Florida y San Luis �24.77664,
�65.40431

2.772 4.011 1.239 0.4 a 1

5-Florida 602 �24.7796,
�65.40132

2.609 3.223 0.614 0.3 a 07

Avda. Uruguay 735 �24.7813,
�65.40111

2.026 3 0.537 4

20-Mendoza “Lago del
Parque”

�24.79541,
�65.4028

1.602 3.152 1.55 2

16-Avda. Independencia 1326 �24.80825,
�65.39829

1.26 2.06 0.8 2

Avda. del Bicentenario 800 �24.77988,
�65.40314

1.19 2 0.33 5

25-Sarmiento y 12 de Octubre �24.77378,
�65.41483

1.161 1.791 0.63 1

18-Santa Fe y Mendoza �24.79534,
�65.4045

1.138 1.738 0.6 2

2-Santa Esq. Rioja �24.76743,
�65.39803

1.067 2.533 1.466 0.5 a 1

19-Mendoza 2 �24.79551,
�65.40302

0.935 1.735 0.8 3

Avda. Uruguay 895 �24.7796,
�65.40132

0.9 1 0.253 1

23-Aniceto Latorre y A.
Güemes

�24.77307,
�65.41625

0.883 1.57 0.687 1

22-San Martin Y Lavalle �24.79374,
�65.40344

0.85 1.45 0.6 3

26-Sarmiento y 12 de Octubre �24.77416,
�65.41455

0.811 1.261 0.45 2

Vicente López 1000 �24.77664,
�65.40431

0.81 1 0.22 4

24-Aniceto Latorre y A.
Güemes

�24.77309,
�65.41596

0.719 1.029 0.31 1

11-Lamadrid y Lola mora �24.80426,
�65.42133

0.7 1.3 0.6 1

Los Jazmines 840 �24.76403,
�65.3905

0.667 0.777 0.11 3
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7.3 Analysis of the incidence of the proximity of transformers of electrical
distribution with respect to the differential of radiation density

7.3.1 Conclusions of the analysis of the incidence of the proximity of transformers of
electrical distribution with respect to the differential of radiation density

From Table 3 and Figure 17, it can be concluded that the presence of electrical
distribution transformers does not constitute a conditioning factor for the point
increase in the level of differential radiation density. However, the lack of influence
in the specific increase cannot be guaranteed since they have an incidence of 27% in
the total of events.

7.4 Analysis of the incidence of the proximity of billboards, gates, or metal
fences with respect to the differential of radiation density

7.4.1 Analysis of the incidence of the proximity of signage, gates, or metal fences with
respect to the differential of radiation density

According to working hypothesis 4.3, the analysis of metal surfaces near points
of high differential level of radiation density is of particular interest.

ID site Coordinates Dif real-
normal

Level l
uW
cm2

Normal
level uW

cm2

Radius
(mts)

Avda. Uruguay 751 �24.78087,
�65.4012

0.663 0.955 0.292 2

Vicente López 1075 �24.77694,
�65.40427

0.621 0.934 0.313 2

6-Rioja 710 �24.78087,
�65.4012

0.601 1.141 0.54 0.5 a 1

Los Jazmines y Los
Mandarinos

�24.76664,
�65.39294

0.587 0.6 0.013 10

21-Mendoza “Paseo” �24.79544,
�65.40224

0.511 1.523 1.012 2

1-Santa Fe 698 �24.76403,
�65.3905

0.421 1.071 0.65 1 a 1.5

13-Avda. Independencia y
calle Pucha

�24.80825,
�65.40466

0.4 0.7 0.3 1

17-Avda. Independencia 1360 �24.80827,
�65.39797

0.3 0.5 0.2 2

Av. Reyes Católicos 1617 �24.76743,
�65.39803

0.294 0.535 0.241 1

3-Rioja Esq. Catamarca �24.77694,
�65.40427

0.21 0.89 0.68 0.3 a 0.7

Los Ombúes 95 �24.76449,
�65.39652

0.129 0.226 0.097 3

10-Jujuy 804 �24.76449,
�65.39652

0.06 0.61 0.55 0.4 a 0.8

Table 1.
Results of samples under non-predictive pattern measurement protocol.
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7.3 Analysis of the incidence of the proximity of transformers of electrical
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Real-normal dif of S in uW
cm2 x 100 Theoretical radiation source (mts)

1695 100

1614 15

771 80

413.4 200

405 20

285.9 70

277.2 200

260.9 100

202.6 38

160.2 250

126 30

119 86

116.1 245

113.8 200

106.7 70

93.5 220

90 194

88.3 370

85 400

81.1 200

81 94

71.9 360

70 3

66.7 400

66.3 63

62.1 90

60.1 150

58.7 400

51.1 250

42.1 50

40 300

30 50

29.4 300

21 50

12.9 420

6 300

Table 2.
Differential radiation density values as a function of distance to probable source.
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From Table 4, the following can be concluded:

• Some surface 89%

• Metal posters 27%

• Metal gates 57%

• Fences 68%

The probability increases by 30% if there is more than one metal surface in the
vicinity (Figure 18).

Having some type of metallic surface, there is an 89% chance of finding a point
with radiation density differential (Figure 19).

7.5 Analysis of the relationship between nearby buildings and the radiation
level differential

7.5.1 Analysis of the relationship between nearby buildings and the radiation level
differential

From Table 5, the following can be concluded:

• Some building 84%

• Buildings of 2 floors 73%

• Buildings of 3 floors or more 22%

In 84% of the cases of differential increase in radiation density, there is a
building with 2 or more floors nearby, although the presence of these two types of
buildings only increases the possibility by 0.06%.

7.6 Other factors analyzed

The following additional factors have been taken into account as a probable
factor of point increase:

• Influence of vegetation and trees

• Pavement

• Metallic ceilings

• Electrical wiring

• High density of parked vehicles

Figure 16.
Differential radiation density as a function of distance to probable source.
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Real-normal dif of S in uW
cm2 x 100 Theoretical radiation source (mts)

1695 100

1614 15

771 80

413.4 200

405 20

285.9 70

277.2 200

260.9 100

202.6 38

160.2 250

126 30

119 86

116.1 245

113.8 200

106.7 70

93.5 220

90 194

88.3 370

85 400

81.1 200

81 94

71.9 360

70 3

66.7 400

66.3 63

62.1 90

60.1 150

58.7 400

51.1 250

42.1 50

40 300

30 50

29.4 300

21 50

12.9 420

6 300

Table 2.
Differential radiation density values as a function of distance to probable source.
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From Table 4, the following can be concluded:

• Some surface 89%

• Metal posters 27%

• Metal gates 57%

• Fences 68%

The probability increases by 30% if there is more than one metal surface in the
vicinity (Figure 18).

Having some type of metallic surface, there is an 89% chance of finding a point
with radiation density differential (Figure 19).

7.5 Analysis of the relationship between nearby buildings and the radiation
level differential

7.5.1 Analysis of the relationship between nearby buildings and the radiation level
differential

From Table 5, the following can be concluded:

• Some building 84%

• Buildings of 2 floors 73%

• Buildings of 3 floors or more 22%

In 84% of the cases of differential increase in radiation density, there is a
building with 2 or more floors nearby, although the presence of these two types of
buildings only increases the possibility by 0.06%.

7.6 Other factors analyzed

The following additional factors have been taken into account as a probable
factor of point increase:

• Influence of vegetation and trees

• Pavement

• Metallic ceilings

• Electrical wiring

• High density of parked vehicles

Figure 16.
Differential radiation density as a function of distance to probable source.
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Real-normal differential uW
cm2 Proximity of transformers (mts)

16.95 1

16.14 0

7.71 1

4.134 0

4.05 0

2.859 1

2.772 0

2.609 0

2.026 0

1.602 0

1.26 1

1.19 1

1.161 0

1.138 0

1.067 0

0.935 0

0.9 0

0.883 0

0.85 0

0.811 0

0.81 0

0.719 0

0.7 1

0.667 0

0.663 0

0.621 0

0.601 0

0.587 0

0.511 0

0.421 0

0.4 0

0.3 1

0.294 0

0.21 1

0.129 1

0.06 1

Table 3.
Presence of distribution transformers in relation to differential level of radiation density.
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7.6.1 Analysis of the influence of other factors on the differential and on the point value of
radiation density

In this analysis, it is possible to deepen the point radiation according to its value.
From the analysis of Table 6, the following can be concluded:

Figure 17.
Cases of presence of distribution transformers in relation to differential level of radiation density (y axis).

Figure 18.
Incidence of the number of cases of metallic surfaces with respect to the differential of radiation density.

Figure 19.
Distribution of probability of increase of differential level of radiation density according to the amount of metal
surfaces nearby.
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Real-normal differential uW
cm2 Proximity of transformers (mts)
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Table 3.
Presence of distribution transformers in relation to differential level of radiation density.
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7.6.1 Analysis of the influence of other factors on the differential and on the point value of
radiation density

In this analysis, it is possible to deepen the point radiation according to its value.
From the analysis of Table 6, the following can be concluded:

Figure 17.
Cases of presence of distribution transformers in relation to differential level of radiation density (y axis).

Figure 18.
Incidence of the number of cases of metallic surfaces with respect to the differential of radiation density.

Figure 19.
Distribution of probability of increase of differential level of radiation density according to the amount of metal
surfaces nearby.
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Differential real-
normal uW

cm2

High metal signage
cases

Metal gates
cases

Metal fences/wiring
cases

Number of
cases

16.95 0 1 1 2

16.14 0 1 1 2

7.71 0 1 1 2

4.134 1 0 1 2

4.05 0 1 1 2

2.859 0 1 1 2

2.772 0 0 1 1

2.609 0 1 1 2

2.026 0 1 1 2

1.602 0 0 1 1

1.26 1 1 0 2

1.19 1 1 1 3

1.161 0 0 1 1

1.138 1 0 0 1

1.067 1 1 0 2

0.935 0 0 1 1

0.9 1 1 0 2

0.883 0 0 1 1

0.85 0 0 0 0

0.811 0 0 1 1

0.81 1 1 1 3

0.719 0 0 1 1

0.7 1 1 1 3

0.667 0 1 1 2

0.663 0 1 1 2

0.621 0 1 1 2

0.601 0 0 0 0

0.587 0 1 1 2

0.511 0 0 0 0

0.421 0 1 0 1

0.4 0 0 1 1

0.3 0 1 0 1

0.294 0 1 1 2

0.21 1 0 0 1

0.129 0 1 1 2

0.06 1 0 0 1

Table 4.
Closeness of billboard, gates, or metal fences with respect to the differential of radiation density.
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Real-normal
differential

2-floor buildings Buildings of 3 or more floors Amount Amount > 0

16.95 1 0 1 1

16.14 1 0 1 1

7.71 1 0 1 1

4.134 1 1 2 1

4.05 1 0 1 1

2.859 1 0 1 1

2.772 1 1 2 1

2.609 1 0 1 1

2.026 1 0 1 1

1.602 1 0 1 1

1.26 1 0 1 1

1.19 0 1 1 1

1.161 0 0 0 0

1.138 0 0 0 0

1.067 1 0 1 1

0.935 1 0 1 1

0.9 1 0 1 1

0.883 0 1 1 1

0.85 0 0 0 0

0.811 0 0 0 0

0.81 1 1 2 1

0.719 0 1 1 1

0.7 1 0 1 1

0.667 1 0 1 1

0.663 1 0 1 1

0.621 1 0 1 1

0.601 1 0 1 1

0.587 1 0 1 1

0.511 0 0 0 0

0.421 1 0 1 1

0.4 1 0 1 1

0.3 1 0 1 1

0.294 0 1 1 1

0.21 1 0 1 1

0.129 1 0 1 1

0.06 1 1 2 1

Total 27 8 31

Table 5.
Relationship between nearby buildings and the radiation level differential.
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Differential real-
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Real-normal
differential

2-floor buildings Buildings of 3 or more floors Amount Amount > 0
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16.14 1 0 1 1

7.71 1 0 1 1

4.134 1 1 2 1

4.05 1 0 1 1

2.859 1 0 1 1

2.772 1 1 2 1

2.609 1 0 1 1

2.026 1 0 1 1

1.602 1 0 1 1

1.26 1 0 1 1

1.19 0 1 1 1

1.161 0 0 0 0

1.138 0 0 0 0

1.067 1 0 1 1

0.935 1 0 1 1

0.9 1 0 1 1

0.883 0 1 1 1
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0.81 1 1 2 1
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0.3 1 0 1 1

0.294 0 1 1 1
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Total 27 8 31

Table 5.
Relationship between nearby buildings and the radiation level differential.
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Real-normal
differential

High-density
electrical wiring

High-density parked
vehicles

Site under
plants

Metal ceilings
nearby

16.95 1 1 1 0

16.14 0 0 1 1

7.71 1 1 1 0

4.134 0 1 0 0

4.05 0 0 1 1

2.859 1 1 1 0

2.772 0 0 0 0

2.609 0 1 0 1

2.026 0 0 0 0

1.602 0 0 0 0

1.26 1 0 0 0

1.19 1 1 0 1

1.161 0 0 0 0

1.138 0 0 0 0

1.067 0 1 0 0

0.935 0 0 0 0

0.9 0 1 0 0

0.883 0 1 0 1

0.85 0 0 0 1

0.811 0 0 0 0

0.81 0 1 1 0

0.719 0 1 0 1

0.7 1 0 0 1

0.667 0 0 0 0

0.663 0 1 0 1

0.621 1 1 0 0

0.601 0 0 0 0

0.587 0 0 0 0

0.511 0 0 0 1

0.421 0 1 0 0

0.4 0 0 1 0

0.3 1 0 0 0

0.294 1 0 0 0

0.21 1 0 1 0

0.129 1 0 0 0

0.06 1 1 0 0

Table 6.
Influence of other factors on the increase in the difference in radiation density.
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High levels:

• 63% cars

• 63% plants

• 38% roofs

Low levels:

• 34% cars

• 10% plants

• 24% ceilings

The presence of cars parked in the vicinity, plants or trees on the measurement
area, and to lesser extent metal roofs have a strong influence on the point value,
such that in the values above the average of 2.12 uW/cm2, the presence of these
factors is verified. On the other hand, in low radiation values, there are no such
conditions. Therefore, it can be concluded that vehicles and some types of plants
contribute to the possibility of an increase in the level of radiation density.

It is also observed that at the highest levels there is the presence of two of these
conditions.

8. Conclusions

There is no doubt that electromagnetic radiation has a number of variables
whose study is constantly evolving, at the same time as technology evolves. New
radiation patterns are incorporated to make the calculation more accurate and the
behavior of electromagnetic waves more predictive.

In this work, it is demonstrated by field exploration in urban and suburban
environments that there are points of high concentration of radiation, that these
points have locations not related to the distance to the source, which are only points
and not extensive areas with smaller radii than 4 meters, and that you can evaluate
possibilities of existence of these points based on the surrounding environment,
taking into account metallic surfaces at level and above ground level, constructions
of more than one plant nearby, and to a lesser extent other factors, but in some
cases, they are definitive in the location of what can be called hot spots of differen-
tial density of non-ionizing radiation.
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Chapter 4

Application of Radiation 
Technology: A Novel Vaccine 
Approach to Induce Protective 
Immunity against Malaria 
Infection
Nikunj Tandel, Devang Trivedi, Aditi Mohan Krishnan and 
Sarat Kumar Dalai

Abstract

Among the numerous infectious diseases, malaria remains a major health chal-
lenge. Despite the various approaches adopted for the vector control and availability 
of antimalarial drugs, the success of malaria eradication is dampened by the spread 
of drug and insecticide resistance, unavailability of proper diagnostic treatment 
and successful vaccine. Among the various approaches, vaccination with the aim 
of developing protective immunity is the most suited, safe and reliable approach 
for the entire mankind. Numerous approaches are in use for vaccine development; 
however, they suffer from the drawbacks that immunity developed is short lived 
and are both species- and stage-specific. Of late, radiation sterilization has drawn 
the attention in the vaccine development due to its advantages over the conventional 
methods, and successful clinical trials of irradiated vaccines against the patho-
gens and tumor. Recently, a novel approach of genetically attenuated sporozoites 
(PfRAS, PfSPZ, PFSPZ-GA1 sporozoites vaccines) has shown promising results by 
generating protective immunity against the homologous and heterogenous infec-
tion in the clinical trials. Radiation techniques have also been beneficial in control-
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It is a vector born disease caused by the parasite, belonging to genus Plasmodium 
and out of five different species, the burden of malaria leads by Plasmodium falci-
parum followed by Plasmodium vivax in humans [2]. 219 million cases of malaria 
were reported in 2017 with the death toll of 4,35,000 and the latest world malaria 
report suggest the stalled in the progression of the reduction in malaria elimination 
across the globe [3].

Almost half of the world population is at the risk of malaria, with more than 85% 
cases in sub-Saharan Africa followed by South-East Asia, West Pacific and others [3]. 
The population groups are at higher risk of malaria, and developing fatal severity 
include infants, children under 5 years of age, pregnant women, immunocompro-
mised patients, non-immune migrants, mobile populations and travelers [4, 5]. In 
areas where malaria transmission rate is high, among these, children under 5 years 
are particularly receptive to infection, Illness, and death; more than 2/3 (70%) of all 
malaria deaths occur in this age group [4]. The number of under age of 5 years for 
malaria deaths has declined from 4,40,000 in 2010 to 2,85,000 in 2016, nevertheless, 
it remains as a leading reason for the death under 5 years children, taking the life of a 
child every 2 minutes [3].

1.1 Malaria life cycle

Plasmodium spp., a Causative parasite for malaria exhibits a complex life cycle 
that switches between Anopheles mosquitoes (vector), and invertebrate hosts that 
form unique zoite formation to evade different cell types at specific stages [6, 7]. 
It comprises of three different types, two of these (asexual stage) in vertebrate 
which are exo-erythrocytic cycle (liver/asymptomatic stage) and erythrocytic cycle 
(blood/symptomatic stage). And the third phase (sexual stage) is in the mosquito 
that is sporogenic cycle (infective stage) [7].

During the probing for the blood meal using its proboscis on the host, the 
infected female mosquito injects sporozoites (SPZs) within its saliva into dermis of 
uninfected human [8, 9] which contains vasodilators and anticoagulants that facili-
tate the ingestion of blood [10]. Most of the parasites reside in the skin between 
1 and 6 hours [7, 8]. Many fail to migrate to the lymph nodes (LNs) and approxi-
mately 20% of them migrate directly into the skin-draining LNs through the lymph 
[11, 12]. It triggers the induction or modulation of the host immune system followed 
by an antiparasitic immune response [13, 14]. On the other hand, a small propor-
tion of SPZs randomly transverse to the nearest blood vessel [12]. After crossing 
the endothelial barrier of the skin, the SPZs enter to the circulation and reached to 
the liver which is critical for the infection cycle as the development of merozoites 
occurs [15–18].

The traversal activity of SPZs through different host cells and molecular 
events that underpin the transformation of SPZs into merozoites via erythro-
cyte invasion involves the expression of thousands of proteins [7]. These SPZs 
migrate via blood flow to the liver retained by hepatic stellate cells (HSC) and 
glide, further using the Kupffer cells as a shield, traverse the liver sinusoidal 
endothelial cells (LESC) barrier in a sinusoids [8]. It has been moving in sev-
eral hepatocytes through the space of Disse by the thrombospondin related 
anonymous protein (TRAP) and circumsporozoite protein (CSP) interactions 
before actually infecting one of them to form a parasitophorous vacuole, that 
aids in protecting from the host’s immune system and provides nutrients for 
the SPZs to replicate and differentiate into merozoites [8, 10]. The healthy or 
successful sporozoites release up to 10,000 to more than 30 to 40,000 merozo-
ites per hepatocyte into the bloodstream within parasite-filled vesicles called 
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merosomes through a process of budding which use the host-cell membrane to 
escape the host immune system (Figure 1) [19].

The merozoites release in the hepatic circulation that invades erythrocytes in 
a short duration via dynamic and multi-step process that includes pre-invasion, 
active invasion, and echinocytosis [21] through the involvement of proteins 
named merozoite surface protein (MSP) [7]. The blood stage is symptomatic stage 
that develops once the erythrocytic cycle produces a parasitemia above a certain 
threshold approximately 50–100 parasites/μL (microscopy). The merozoites 
released into the blood reinvade the new red blood cells (RBCs) and continue to 
replicate or in some instance, they differentiate into male and female gametocytes 
[22, 23]. Mature gametocytes travel throughout the body and deposited mainly 
in skin capillaries from which they are taken up by the mosquito for the next 
blood meal. Once they reach to the mosquito gut, male gametocyte produces eight 
microgametes with three rounds of mitosis, meanwhile female gametocyte mature 
in macrogametes in the gut of the mosquito [24]. The fusion of the male and female 
gametocyte forms a diploid zygote that elongates into an ookinete; which exits 
the epithelium through the lumen of the gut as an oocyst and undergoes cycles of 
replication and forms sporozoites. It moves from the abdomen and resides into the 

Figure 1. 
The basic malaria life cycle of Plasmodium falciparum (adapted from [20] with permission).
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salivary gland followed by the next blood meal of mosquito during which it will 
inject the sporozoites to the healthy host [24].

1.2 The liver stage infection of malaria parasites: yet hold promises

The liver is the most important organ and known for its role in blood purifica-
tion, detoxification of chemicals and metabolizes of drugs, role in the immune 
system and homeostasis [25]. This unique architecture of liver favors the interaction 
between leukocytes and hepatic cells and intra-hepatic recruitment of T cells which 
recognize their cognate antigen within their vicinity [26]. Among the multi-stage 
life cycle, liver/exoerythrocytic stage of the malaria parasite is least known due to 
several reasons, however recent developments of humanized mice have revealed 
the importance of liver stage [2]. All the same, liver stage parasites in murine and 
humans evade the immune clearance despite the presence of antigen presenting 
cells (APCs) [8]. Cytotoxic T cell (CD 8+ T cell) requires to kill the intracellular 
parasite infected cell as they are intracellular organism reside in the hepatocytes. 
Therefore long lasting immunity, reduce/remove the parasitic load in asymptomatic 
exoerythrocytic stage and to prevent their liver to blood stage transitions are the 
main concern for any malarial parasitologist to develop and improve the vaccine 
strategies.

1.3 Current status of antimalarial therapy and standing of vaccine initiative

To prevent and eradicate malaria, prophylaxis that has no adverse effect and 
versatile for all is an urgent requirement. Till now various antimalarial therapy of 
drugs, insecticide-treated bed nets and different diagnostic tests [27] are in use, 
however the success of malaria infection halted by the insecticide [28, 29] and para-
site resistance [28, 30, 31]. This life-threatening condition needs the novel antima-
larial therapy that can control parasite at different stages of its life cycle (Figure 2).

Figure 2. 
Schematic diagram of intra-erythrocytic trophozoite showing targets of novel antimalarial drugs (red color 
indicates the drugs under the pipeline/clinical trials and green color for the drugs currently available) (adapted 
and modified from [32]).
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Nowadays, a novel approach of combinational drug therapies are in use such as 
Artemisinin based combinatorial therapy (ACT) and others though, the success 
rate is low or restricted to the area due to the diversity among the parasite [33]. 
Despite the availability of drugs from natural resources or synthetic compound, the 
parasite still surpasses and escape the host immune system as well as dampen the 
effect of the drugs [34]. Also, the recent finding has alarmingly shown that parasite 
has been gaining resistance against artemisinin and its derivatives [31, 35]. In this 
bleak condition, the malaria vaccine is urgent and indeed. Different approaches are 
in practice for the development of malaria vaccine based on immunogenic pep-
tides, usage of mosquito and/or parasite antigens, usage of adjutants, radiation or 
genetically modified sporozoites and so on [36]. Different experimental evidences 
shed the light on the importance of novel vaccine approaches (attenuated whole 
sporozoites) which strongly confirms the role of APCs resides in the liver capable 
to recruit CD 8+ T cells together with the cytokines (IFN-γ and TNF-α) required 
for the sterile protection [21, 37–43]. Despite the sterile immunity last longs for the 
6–9 months, a recent study confirmed the usage of the intermittent challenge of 
radiation attenuated sporozoites in mice stay long lasting up to 18 months and give 
rise to sterile immunity [44]. The approach of radiation for protective immunity has 
gained attention in the scientific community to eradicate the morbidity and mortal-
ity of malaria infection.

2. Radiation and its impact on health

Radiation is a form of energy which travels and transmits or emits from its 
source as a wave (ionization radiation) or in the form of electron particles (non-
ionizing radiation) [45]. The broad range of electromagnetic spectrum consists of 
harmless radio and microwaves, sunlight includes longer (infrared) and shorter 
(ultraviolet) wavelength and finally the higher energy specific wavelength of X-rays 
and gamma rays which exist the electrons from the atoms through the ionization 
process [45, 46]. During the process of radioactive decay there are mainly three 
types of ionizing radiation emitted; alpha, beta and gamma rays. Other than this, 
X-rays can be occurred naturally or produced by machines [47]. The major dif-
ference between this ionizing radiation (X-rays and gamma rays) is the photon’s 
energy of individual rather than the energy of the total dose of the radiation 
alongside their source of origin [48].

As the entire world is in the vicinity of the radioactive environment, we all, 
more or less, are exposed to a certain level of background radiation [49]. It has been 
reported that more than 80% of human-radiation doses are uncontrolled which are 
mainly consist of the natural sources, terrestrial and exposure through inhalation or 
intake of the radiation (mainly through medication) [50].

There are more than 60 natural radionuclides are found in the environment 
and no place on the earth is without spontaneous radiation activity. It is mainly 
observed in the soils and rocks (uranium and thorium decay), in water sources 
such as naturally occurred lacks, rivers and oceans and Human-made buildings 
and homes [51]. Also, the effect of gamma radiation on natural radioactivity and 
their associated exposures mainly depends upon the geological and geographical 
location together with their appearance at different levels in the soil of the respec-
tive the region [50]. Overall, we received an average dose of 2.4 mSv/year (mSv 
stands for millisieverts, one-thousandth part of a sievert, an SI unit and currently 
used in the radiation protection standards) from the background radiation which 
may vary from 1 to 10 mSv/year and rely on the location of the region; however it 
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can exceed above the 50 mSv/year. Therefore, if an average of 2 mSv/year of the 
radiation dose exposed to an individual, the person at the age of 80 years will be 
accumulated almost 160 mSv radiation originated from the natural sources [50].

2.1 Radiation biology

The term radiation biology came across into the picture during 1963 when 
Bergonie and Tribondeau assumed and stated that the immature, undifferentiated 
and continuously dividing cells are more prone towards the radiation with compare 
to the cells which are fully matured, differentiated and not actively participated in 
the cell division process [52]. Therefore, the radiosensitive cells such as stem cells, 
the stratum basal of the skin and stomach mucosa; continuously experiencing 
cell division (mitosis) and exhibits certain effects after the exposure towards the 
ionizing radiation resulting into the cell death or cell injury. Contradictory, the 
radioresistant cells such as neurons which never divides or do it very slowly show 
less inclined towards the cell injury or death after the radiation exposure [53]. The 
experiments carried out on fruit flies and mice have shown the effects of radiation 
as mutation was occurred however, it was notified that all the mutation were similar 
to the spontaneously generated one. Also, it was linked to the dose and exposure 
rate of the respective ionizing radiation [54].

2.1.1 Interaction between radiation and human cells

The interaction of human cells and radiation is just the likelihood and 
therefore, any permanent damage occurs to the tissues is not due to the facing 
off them each other during the cellular repair mechanism [53]. The processes of 
energy deposition have not any signature pattern (very rapid, 10−18 s) and the 
interaction takes place at the cellular level affect the organ as well as the entire 
system [45]. Alongside, there is no established cellular damage associated with 
the radiation, and heat, chemical or physical damage is also accounted for the 
same. The destruction occurs as a result of radiation towards the cells has the 
latent period followed by observable responses. The latent period remains for a 
prolonged time in case of low radiation whereas, it accounts for minutes to hours 
for the higher dose of radiation and the radiation biology entirely rely on these 
basic principles [53, 55].

The interaction of ionizing radiation with the cells, possibly occur through 
any of the two ways; direct interaction within the cells hit the macromolecules 
(proteins and DNA) resulting into the death of the cells or the mutation of the 
DNA. This mechanism can happen during the higher doses of the radiation as the 
cellular repair mechanism is tightly regulated [53]. Another one is the indirect 
pathway where the radiation energy is trapped inside the cellular compartment 
and interacts with the water rather than macromolecules followed by hydrolysis of 
water produced the free radicals inside the cells [53, 56]. This will lead to the loss 
of the important enzymes resulting in the cell death or the mutation. As the result 
of an interaction, there are mainly three types of cellular injury arises: (1) delayed 
division, (2) failure of the reproduction and (3) death during the interphase of the 
cell cycle [53].

The intensity of the damage occurs inside the cells rely upon various parameters 
including the types and its source, duration, doses, exposure and its energy [57]. 
The knowledge about the risk of the radiation has been studied, documented and 
referred well from the survivor of the atomic bombs at Hiroshima and Nagasaki in 
the Japan during the Second World War. Also, the additional inputs are given by the 
studies conducted on the radiation industry workers [45].
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2.2 Radiation therapy: application in medical research

It was during the 1895, when Wilhem Roentgen has invented the X-rays to see 
the things visibly inside the body without surgery. This historic discovery has 
transformed the medical field and currently, it has been widely used to diagnose the 
injuries and diseases [45]. At present, more than 50% of our exposure contributed 
to the medical sources lead by X-rays and CT scan. Nowadays, understanding 
the radiation risk and their effects at molecular, cellular and organ level is mainly 

Figure 3. 
Radiation therapy and their different consequences can be used for antitumor combination therapy for cancer 
therapeutics (adapted from [62] with permission).
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2.2 Radiation therapy: application in medical research
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injuries and diseases [45]. At present, more than 50% of our exposure contributed 
to the medical sources lead by X-rays and CT scan. Nowadays, understanding 
the radiation risk and their effects at molecular, cellular and organ level is mainly 

Figure 3. 
Radiation therapy and their different consequences can be used for antitumor combination therapy for cancer 
therapeutics (adapted from [62] with permission).
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studied for the diseases. This will bridge the gap and guide the health physicist 
to determine the safety level of the radiation to use in the medical, industrial and 
scientific world for the betterment of the mankind [45, 49, 58].

Despite the hazardous effects of radiation on the cells, if the cell death mecha-
nism is instinct or properly targeted then it will be the achievement in the medical 
field for the cancer patients where it is using as radiation therapy [59]. It still remains 
as the preliminary cancer treatment and more than 50% of all the cancer patients 
received radiation therapy and stands for 40% of the curative treatment [60]. It is 
believed that it can evoke the tumor-specific immune response to destroy the tumor 
cells as well also travel to the site of the disease [61].

Recent research confirms the potential usage of radiation therapy in cancer 
therapeutics by converting tumor to favorable condition and makes them immuno-
stimulatory milieu [62]. Experiential data suggest that the combination of radio-
therapy alongside the immunotherapeutic agents can produce the synergistic effects 
(Figure 3) [61, 62]. From all the above-stated information, it has become clear that 
recent developments in radiation therapy [61, 63, 64] may have proven to be the 
most critical part in the successful development of cancer vaccine.

2.2.1 Radiation and vaccine development

Usage of chemical and physical methods to develop a stable and safe vaccine is 
the gold standard method through which the pathogen will be converting into the 
inactive form. Despite the successful application in various medical conditions 
to eradicate the disease or to develop the sterile immunity; the fast, reliable and 
rapidly generated vaccine is required [58]. Recently, radiation sterilization is been 
under the process for the vaccine development which surpasses the chemical or 
other types of contamination. Also, it destroys the nucleic acid of the respective 
pathogens through penetration without disturbing the cell surface antigens. It is 
been in under the clinical trials for the various types of cancers [65–67] however, 
due to the issues of safety and other regulatory affairs it is under development at 
industrial level [58]. On the other side, results of current clinical trials of using 
the various irritated vaccines for numerous pathogens and tumors has attracted 
the researcher and scientific world towards the preparation of various radiation-
based vaccine for various infected and non-infected diseases [61, 62, 64, 68]. The 
ongoing effective development of irradiated vaccines for malaria and influenza 
have exhibited the attainability of this approach, and have shown the promis-
ing results alongside the advantages of the radiation therapy by overcoming the 
limitation of existing facilities without using any sophisticated technological 
approach [69, 70].

3.  Role of radiation therapy in malaria vaccine: developments and 
challenges

Malaria vaccine development is an active research area with enormous chal-
lenges. An effective vaccine for P. falciparum is needed in malaria-endemic popula-
tions; however, none of the licensed malaria vaccines and candidates consistently 
produced long-lived protection [71, 72]. The malarial parasite undergoes continu-
ous morphological changes and displays antigenic variations during the entire 
life cycle in both the host [73]. As a result, parasite evades the protective immune 
responses of the host and long-term protective immunity is not observed in 
malaria-infected individuals [74, 75].
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Plasmodium falciparum has a multi-stage life cycle and a large 23 Mb genome 
expressing 5268 putative proteins. Many of these proteins exhibit allelic varia-
tion between species or antigenic polymorphism typically at sites recognized 
by antibody or T cell responses [76]. To date, only a handful of the nearly 5300 
potential target antigens expressed by P. falciparum, representing less than 0.3 
percent of the genome, have been pursued as vaccine targets [76, 77]. From the 
host perspective, malaria is a chronic infection and the Plasmodium parasite is 
capable of evading or modulating the host immune response. Based on the life 
cycle of the malaria parasite and the process of infection, malaria vaccines are 
divided into four potential target groups; interruption of human to mosquito 
transmission (parasite sexual and mosquito stages), inhibition of clinical conse-
quences (asexual blood stage), prevention of mosquito to human transmission, 
and pre-erythrocytic infections (sporozoite [SPZ]/liver stages) [78]. As per the 
recent advancement in the malaria vaccine development mainly three types of 
vaccine candidate targeting different stages of malaria parasite have been inten-
sively investigated named as pre-erythrocytic vaccines, blood-stage vaccines and 
transmission-blocking vaccines [79, 80].

3.1 Pre-erythrocytic vaccines

The pre-erythrocytic stage does not cause clinical disease, and there is no 
convincing evidence for naturally acquired protective immunity to this stage in 
individuals living in malaria-endemic areas [81]. Thus, this stage would appear 
to be an unattractive vaccine target. Nonetheless, the most advanced vaccine in 
development is a protein expressed at this stage that covers the parasite surface, the 
circumsporozoite protein (CSP). One of the most advanced anti-malaria vaccines 
at a clinical level is the RTS,S/AS01, a subunit vaccine consisting of the P. falci-
parum CSP fused with the hepatitis B surface antigen (HBsAg) [82–85]. Although 
this vaccine did not appear to elicit a CD8+ T cell response, CSP-HBsAg induced a 
specific CD4+ T cell response targeting the whole SPZs [86, 87]. The mechanism 
by which RTS,S confers protection against the blood-stage disease remains poorly 
understood. It seems that RTS,S induces protection against clinical malaria by 
temporarily reducing the number of merozoites emerging from the liver [69]. This 
may allow prolonged exposure to subclinical levels of asexual blood-stage para-
sites, therefore boosting the naturally acquired blood-stage immunity.

3.2 Blood stage vaccines

Blood-stage vaccines work on the principle of anti-invasion and anti-disease 
responses by blocking the invasion of erythrocytes by merozoites and prevent-
ing malarial disease [88]. The extensive genetic diversity of the parasite and the 
selective pressure are factors to be considered in the development of effective 
blood-stage vaccines. At present, several blood-stage antigens are in clinical trials: 
apical membrane antigen 1 (AMA1) [89], erythrocyte-binding antigen-175 (EBA-
175) [90], glutamate-rich protein (GLURP) [91, 92], merozoite surface protein 
(MSP) 1 [93], MSP2 [94], MSP3 [95–97] and serine repeat antigen 5 (SERA5) 
[98]. All these antigens are highly expressed on the surface of merozoites. During 
the blood-stage vaccine development various assay such as ELISA, western blot 
and immunofluorescence assay, invasion inhibitory assay, antibody-dependent 
cellular inhibition (ADCI) assay, phagocytosis/opsonization assay, T cell-based 
assay and other antibody-based assays are in use for their screening of the candi-
date vaccine [99].
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3.3 Transmission-blocking vaccines

Transmission-blocking vaccines (TBV) target antigens on gametes, zygotes and 
ookinetes to prevent parasite development in the mosquito midgut [88, 100]. The 
aim of these vaccines is to induce antibodies against the sexual-stage antigens to 
block the ookinete-to-oocyst transition to stop the subsequent generation of infec-
tious sporozoites thereby acting as important tools for protection against epidemics 
[101, 102]. The leading vaccine candidates in this group include the P. falciparum 
ookinete surface antigens Pfs25 and Pfs28 and their P. vivax homologs Pvs25 and 
Pvs28. To improve the immunogenicity, Pfs25 was expressed as a recombinant 
protein that was chemically cross-linked to Exoprotein A and delivered as nanopar-
ticles [103]. This enhanced the immunogenicity of the vaccine in mice, and it is cur-
rently undergoing Phase I trials in humans. Because the antigens are never naturally 
presented to the human immune system, one of the potential limitations of the 
TBV approach is that the absence of natural boosting following immunization 
might limit efficacy [88]. The vaccine would confer no protection to the vaccinated 
individual unless combined with an effective pre-erythrocytic or erythrocytic 
vaccine. Nevertheless, TBVs could be important tools for a malaria elimination and 
eradication program, for prevention of transmission of the disease [88].

3.4 Novel usages of radiation attenuated sporozoites (RAS) and effects on the 
host immunity

A recent landmark finding that set the standards for immunological protec-
tion against malaria infection was established by immunization with irradiated 
sporozoites [82, 104]. Because the parasite undergoes morphological changes and 
displays antigenic variation at each stage of infection, whole parasite vaccines have 
an advantage [105–107]. In the early 1940s, Russell and Mohan [104] first demon-
strated that inactivated P. gallinaceum SPZs provided protection against challenge 
with infectious P. gallinaceum. In 1967, Nussenzweig et al. [82] reported that a 
killed P. berghei sporozoites (SPZs) vaccine was unsuccessful, but that an X-ray 
irradiated SPZ vaccine provided significant protection in an SPZ-challenge mouse 
model.

In the 1970s, researchers showed that immunizing human volunteers with 
bites from irradiated mosquitoes carrying P. falciparum SPZS (PfSPZ) or P. vivax 
SPZ (PvSPZs) provided protection against challenges with infectious SPZ 
[108–112]. Because infected mosquitoes cannot be used for immunizing large 
numbers of individuals, a team at the Vaccine Research Center, NIH developed 
an injectable and cryo-preserved irradiated PfSPZ vaccine that met the vaccine 
regulatory standards [58, 113]. The group succeeded in raising mosquitoes on 
an industrial scale to good manufacturing practice (GMP) levels and harvested 
large amounts of PfSPZ from the mosquito salivary glands. Although studies 
provided proof of concept that sporozoites could induce high-level immunity, 
as a vaccine for human use, PfRAS immunization was deemed impractical for 
many decades due to the complexity of administering a vaccine through natural 
way of mosquito bite, the requirement for a secure vivarium and a laboratory 
for maintaining P. falciparum in culture, and the perceived need for five or more 
immunization sessions to achieve a sufficient number of bites. Recently, it has 
been demonstrated that the Sanaria PfSPZ vaccine is safe, well tolerated, easily 
administered by syringe using a variety of routes, and can induce 100% protective 
efficacy against controlled human malaria infection (CHMI) when administered 
 intravenously [109, 114].
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The sterile immunity induced by RAS appears to be mediated primarily by 
CD8+ and CD4+ T cell-dependent mechanisms targeting antigens expressed by 
sporozoites and liver-stage parasites [115–118]. Antibodies also appear to contribute 
to protection. Studies in mice and humans show that immunization with RAS 
induces sporozoite-neutralizing antibodies that recognize the CSP, an abundant 
protein forming the surface coat of the sporozoites [109, 119, 120]. This finding 
led to the cloning of P. falciparum CSP and the formulation of several CSP-based 
sub-unit vaccines designed to induce protective antibodies [121, 122]. Although 
efficacy was low, subsequent development of CSP using a particle-based approach 
has led to the currently most advanced malaria sub-unit vaccine, RTS, S/AS01, 
that elicits 30% protection in young children [123] primarily mediated by anti-CSP 
antibodies and CD4+ T cells [124, 125]. The partial efficacy of these first generation 
subunit vaccines suggests that a better understanding of RAS-induced protective 
mechanisms may provide a rationale to develop alternative or improved subunit 
strategies using newly discovered antigens or more potently inducing cell-mediated 
immunity. Despite all difficulties, the most convincing evidence that vaccination 
against malaria is feasible has come from experimental studies in rodents, monkeys 
and human subjects in which attenuated sporozoites induced sterile protective 
immunity.

3.5 Current status and future development: role of radiation in malaria vaccine 
development

The first whole sporozoites vaccine (WSV) studied in both rodents and 
humans were RAS and also the first to confer protection in humans when 
administered by mosquito bites. A major advance for vaccine development was 
the ability to isolate a purified, aseptic, and cryo-preserved product of RAS for 
clinical trials (PfSPZ vaccine). A subsequent scientific advance showed that 
intravenous (IV) administration of PfSPZ vaccine was required for inducing 
potent immunity in humans [109]. These studies provided the first evidence for 
using IV administration of a preventive vaccine in humans. More recent results 
with PfSPZ vaccine from sub-Saharan Africa reported that PfSPZ vaccine was 
well tolerated, safe, and easy to administer by direct venous inoculation (DVI) 
of healthy volunteers in the clinical trial setting. The proportion of participants 
with any infection from 28 days after the fifth vaccination to the end of the 
malaria season (20 weeks) was lower in the vaccinated group than in the control 
group [126]. These data suggest that WSV can provide some protection against 
malaria infection during intense transmission (93% infection rate among pla-
cebos) [79]. Recent progress in manufacturing whole organism vaccines has 
prompted several vaccinology questions: (1) Can whole sporozoite vaccines be 
improved? (2) What are the optimal doses, routes of administration, and adju-
vants that confer sterilizing immunity? (3) Can other antigens be included? (4) 
Are we exploring all protective immune mechanisms? (5) Does efficacy differ in 
populations from endemic versus non-endemic areas? (6) What is the impact of 
antigen polymorphisms? [80].

The future lies in improving dosing strategy, immunogenicity enhancement, and/
or alternative vaccine approach for populations in malaria-endemic regions. To halt 
the spreading of the malaria infection is not only the development of the vaccine 
against it, however; the mosquito biology equally holds the importance in understand-
ing the malaria pathophysiology and parasite biology which may be understand more 
in detailed by radiation biology [127]. Combination of different approaches based on 
attenuated whole organism sporozoites may be a valuable tool that would help unearth 
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host mechanisms of protection as well as surrogate measures of immune protection for 
malaria, thus providing crucial leads towards discovery of long-awaited vaccine [128].

4. Conclusion

Malaria is one of the most fatal diseases in the world related to humans in 
terms of morbidity and mortality. The asexual blood stage P. falciparum culture 
in vitro was successfully achieved in the early 1980s. However, various aspects 
related to their life cycle are unclear. The technological advancements in the 
field of epidemiology and entomology supported the research not only in 
reducing the burden but also allow scientists to go one step further in malaria 
parasitology by the staining the different stages of the parasites. The reports of 
the emergence of drug resistance in last decade against the various Plasmodia 
strains resulted in the serious condition to find out the causes. Given this bleak 
situation, the need to develop additional control measures, such as the malaria 
vaccine, is indeed. Understanding the mechanism of protective immunity to 
natural infection is critical in engineering an effective vaccine. The usage of 
radiation therapy in various medical fields has gained the attention of the malar-
ial biologist to make the next generation vaccines for the long-lasting immunity. 
Various approaches through whole sporozoites vaccines may prove to be the 
better vaccine candidates, however, the obstacles related to their manufacturing, 
formulation, and availability to mankind needs further experimental validation.
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Diagnostic Imaging Safety 
and Protection: A Collective 
Interaction and Decision-Making 
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Abstract

This chapter will focus on the safety and protection in utilization of radia-
tion and nonradiation imaging modalities within a medical encounter in health 
institutional context. The challenges of ease of access on the one hand regarding a 
referral versus accessing of these imaging services. The roles and responsibilities of 
the diverse range of professionals in the medical encounter are in ensuring that an 
effective decision-making is made at each point in time. The importance of com-
munication, coordination, collaboration, and alignment is in ensuring that the care 
and safety of the patient is not compromised. Thus, the chore essence of provider is 
patient-centered care, that is, from the point of the initiation of the referral to the 
outcomes of an effective medical treatment and management plan. The role of the 
imaging investigation and its value is outweighing the risks versus harm through 
these chains of events and beyond.

Keywords: safety, interrelated, interdependent, distributed roles and responsibilities, 
collective decision-making

1. Introduction

Modern medicine is highly dependent upon high technological scientific equip-
ment and practices [1] of which medical imaging, often referred to as a diagnostic 
test, is part of. The advances in medical imaging technology with enhanced image 
quality open the door for detecting previously unseen abnormalities of unknown 
relevance. According to Webster [2], imaging from surface anatomy to intrabody 
physiology enables the “medical gaze” to move deeper and deeper into body 
structures. Digitally acquired images also promote ease of access for the referrer 
[3]. However, technology has professional, social, and individual implications, 
as the availability of the latest diagnostic equipment is like a diagnostic invitation 
that could lead to the belief in the “gift” of knowing that would enable health-care 
professionals to make an informed decision [4]. Unfortunately, according to mod-
ern medicine and Smith [1], at times, the patient as a person can be lost from the 
clinician’s gaze and advancement in patient care is not necessarily guaranteed [5]. 
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Globally, an ongoing concern is about the effectiveness of radiation and nonradia-
tion control measures. Increasing budgetary and financial constraints in health-care 
sectors and the growing consumerist movement demanding greater patient-initiated 
access to medical services are of special concern [6]. The justification for an imag-
ing investigation referral or a nonreferral within in the chain of events leading to 
the ultimate diagnosis in managing the health outcomes lies beyond the traditional 
medical encounter. Whether the procedures involve exposure to ionizing radiation 
or nonionizing radiation, of importance is the benefit versus risks in conjunction 
with the clinical value of the referral, the justification of the imaging investigation 
requested and the actual conducting of the investigation and outcomes thereof in 
devising an effective management and treatment strategy that would benefit not 
only the health outcomes within a medical encounter but also the person.

The purpose of this chapter is to discuss the complexities of decision-making 
processes and procedures in imaging investigation utilization within the continuum 
of care processes and procedures to achieve a quality of health outcomes for the 
patient as a person. Where communication and interactions shaping the deci-
sions are inherently distributed in nature. Apart from the temporary nature of the 
encounter, it is also integrated and intertwined within the biomedical, technologi-
cal, and psychosocial dimensions. The assumption is to ensure the safety of the 
patient within the medical imaging context requiring a collective of decisions which 
are interrelated rather than isolated events that lead to a quality health outcome.

2. The health system and the timely access

Within the health system, diagnostic imaging services form an important 
component in terms of delivering quality professional service to health-care profes-
sionals and patients as the direct or indirect beneficiaries from the referral. The 
use of diagnostic medical imaging can be defined as “timely access to and delivery 
of integrated and appropriate radiological studies and interventions in a safe and 
responsive facility and a prompt delivery of accurately interpreted reports by 
capable personnel in an efficient, effective, and sustainable manner” ([7], p. 457).

Accessibility to these medical imaging services depends highly on the level of 
services provided at the various institutions. The effectiveness of these services 
is shaped through interactions between skilled health-care professionals and the 
patient and between multiple skilled health-care professionals who either work as 
individuals or as a group to make decisions regarding intra- and interinstitutional 
pathways of the referral and treatment to be followed for each individual patient. 
Accessing a timely service to certain imaging modalities is not always a linear 
pathway. In some instances, it may entail building up evidence through a graded 
referral from the most basic to the most sophisticated modalities based on clinical 
decisions. It could entail moving from one level of care to the next, depending on 
the availability of medical specialists, technologies [8]. A common experience of all 
professionals and patients is the financial boundaries and constraints. This cor-
respond with Gibson’s [9] description of “first layered approach of access to health 
services” aimed at cost-effectiveness and rational usage of available resources. Khan 
et al.’s [10] view is that the more expensive imaging services are not necessarily the 
most appropriate for a given clinical situation. Often, a patient’s condition neces-
sitates referral to a better resourced health-care institution for further management 
[11]. Then, in the absence of a central record, keeping system which includes imag-
ing investigations may result in a re-referral for duplication of a diagnostic imaging 
investigation at the receiving health-care institution [12]. Regarding quality of care, 
it is important that the continuum of care is maintained.
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The principles of justification and optimization that underpin medical practice 
also form the cornerstones of radiation protection [6]. On the one hand, according 
to Bernardy et al. [13], the quality of medical care brings value to both patient and 
provider when medical imaging investigation is justified and performed correctly. 
This investigation can be used for triaging to determine whether to refer a patient 
for further diagnostic tests [14]. If initial tests suggest the possibility of a condition, 
more costly or invasive tests may be ordered for confirmation on the basis of the 
possible differential diagnoses.

On the other hand, a failure of timely, appropriate clinical action following the 
test result can render the value of the entire process useless [7]. Medical practitioners 
are expected to employ the most efficient diagnostic strategies to prevent unnecessary 
referrals for diagnostic tests that could impact on time and resources [15]. A definitive 
diagnosis of a patient’s condition is sometimes challenging and may require addi-
tional, unrewarding imaging examinations to improve the certainty of the diagnosis 
[16]. The use of radiological referral guidelines, an effective handoffs, and continuous 
professional development programs are essential to bridge this gap [17, 18].

Despite the acknowledgement in the current literature that health professional-
patient interactions and decision-making processes regarding referral, diagnostic 
imaging investigations, interpretation, and communication of outcomes are 
complex phenomena, research in diagnostic investigations in general is distributed 
[8]. Effective control of ionizing or nonradiation exposure, inter alia by means of 
appropriate justification for every exposure, is a basic principle to be followed by all 
diagnostic imaging services. Each set of role players and each individual bring with 
them individual characteristics, skills, competencies, roles, and responsibilities. 
According to Webster [2], the medical gaze transcends not only at an individual 
level but also at a public, collective level of the regulation bodies. For instance, 
most health-care professionals belong to a central professional statutory regulatory 
body but are also governed by their institutional code of conduct and practice. An 
influencing or confounding factor is about financial incentives for the provider 
via payments by medical aids providing access to these services [9]. One way of 
overcoming these challenges is developing of practice-based case management. 
This is achieved by coordinated care management across the continuum of care by 
workflow mapping techniques and standardizing protocols and clinical pathways. 
And is followed by network interfaces between different subsystems (i.e., points of 
care). That is, an integrated case management platform is coordinated by clinicians 
as the patient navigates through the health-care delivery network [19].

3.  The interrelated interdependent medical imaging encounter: decisions 
within a biotechnopsychosocial context

Decision-making in the health-care system—specifically with regard to 
diagnostic imaging investigations—occurs at multiple levels. Decision-making 
involves choosing a course of action to achieve specific outcomes and can occur at 
departmental and individual levels [17]. Within the ambit of diagnostic imaging, 
van Baalen et al. [20], in their study on the diagnosis and treatment of patients with 
pulmonary hypertension, refer to this kind of decision-making as being based on 
“distributed knowing.” Distributed knowing implies a socially distributed process 
of shared meaning making among different health-care providers. Information is 
exchanged, collectively explored, and adjusted at the patient’s different points of 
contact in a medical encounter. Within the health-care context, the ultimate predic-
tor of the efficiency and effectiveness of the decision is measured by the well-being 
of the patient, hence the prominence given to patient-centered care.
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3.1 The medical encounter

An illustration at an individual level during a medical encounter entails clinical 
decisions that are mostly governed by; either you have the disease or not, align with 
yes/no decisions. Often, these processes entail a series of interim decisions, guided 
at each stage to a diagnosis being present or not by minimizing uncertainty. This 
process still assumes there is an underlying dichotomous disease state (yes or no); 
this assumption could be inconclusive [21]. These interim decisions depending on 
the context of the encounter may be paternalistic, informed, shared, negotiated, 
and or a partnership process. However, these interactions should address the benefit 
versus risks in conjunction with the clinical value of the referral, aligning with the 
justification of the imaging investigation requested and the aligning of actual con-
ducting of the investigation achieved through coordination by the medical imaging 
professional (competency) and cooperation by the patient mediated through text 
(patient records, quality of the order, and radiological report) and technology 
(optimally functioning equipment) to achieve an effective outcomes thereof in 
informing in the decision of devising an effective management and treatment 
strategy benefitting not only the health outcomes from a medical provider perspec-
tive but also the patient as a person.

Within the medical encounter regarding the diagnostic interaction revolves 
around how medical practitioners involve patients when collecting information. 
For example, according to Langalibalele et al., patients rely on referring doctors 
to provide information on the management aspect prior to the referral [12]. Not 
having records in this regard could lead to a decision of re-referral for duplication of 
investigation(s) at the receiving health-care institution. Physicians should encour-
age patients to describe their previous imaging examinations to help eliminate the 
duplication of imaging studies [16]. The dilemma is that the continuum of care is 
not disrupted. Often, a patient’s condition necessitates referral to a better resourced 
health-care institution for further management [11]. If records are not centrally 
linked, it could lead to a re-referral for duplication of diagnostic imaging investi-
gation at the receiving health-care institution [12, 22]. The electronic sharing of 
medical imaging data is an important element of modern health-care systems, but 
current infrastructure for cross-site image transfer depends on trust in third-party 
intermediaries [22, 23].

The referring doctor has the responsibility for the collection of all diagnostic 
information that justifies the requested radiological (radiography) examination, 
including information about previous exposures. Khan et al. [10] and others [24] 
state that in order to select imaging tests judiciously, the clinician must understand 
what each test can do and be fully knowledgeable about the limitations, also with 
regard to the available techniques. Malone et al. [6] and others [25] also refer to 
the use of referral guidelines or appropriateness criteria as a good practice in the 
process of justification. In the absence of written formal system, protocols related 
to the way in which diagnostic imaging investigation referrals intertwined with 
clinical pathways often result in what Croft et al. [21] like Croskerry [26] refers to 
the “gradient” of decision-making that parallels the degree of uncertainty associ-
ated with the wide variety of patient conditions, as well as to the challenge of the 
uncertainty about the diagnosis and the inability to stage the disease and make a 
choice on treatment and management.

Reasons for referrals vary, that is, to rule out a condition or to help the attend-
ing practitioner’s referral decision-making. Primary care doctors commonly face 
the decision between ordering a test or adopting a period of “watchful waiting,” 
requesting the patient to return later to follow the development of his or her 
symptoms [14, 21, 27]. To provide information to the secondary care specialist, or 
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instance, refers to the use of radiographic investigation in triaging the referral to a 
secondary care specialist, whereas Gibson [9] refers to it as the medical legitimiza-
tion of the institutionalization of the patient. Langalibalele et al. [12], highlight 
that the receiving doctor has to be well informed, otherwise there may be a need 
to “re-invent the wheel” through trial and error, which has an effect on cost and 
time. Confirmation of normality is often important in general practice to exclude 
or confirm a diagnosis. In this situation, a negative result may be as important as a 
positive one [28].

The quick-fix approaches and head-to-toe investigations were an easy way to 
diagnose and served as a form of reassurance that it was the right thing to do, a 
phenomenon that has also been reported in the international literature [29]. Then, 
the old paradigm of history taking, physical examination, and provisional clinical 
diagnosis is being replaced by imaging investigations [30]. Geneau et al. [8] refer 
to time management and patient overflow associated with less communication 
between patient and physician, which leads to medical uncertainty, and ultimately 
more referrals for investigations.

Health-care professionals are also of the opinion that patients see the referral as 
a curative measure to the extent of a total healing of their illnesses. Perceptions like 
these could lead to the use of technology as a placebo for the so-called demanding 
patients to pacify the desire for a referral and at the same time as an incentive to 
prevent comebacks, instead of trying to convince patients on clinical grounds why 
a referral for a diagnostic imaging investigation was not necessary [31]. Murphy 
[32] states that myths that confuse patients and “blur the boundaries between facts 
and fiction” are widely disseminated because of patients’ previous encounters with 
imaging examinations. Then, some practitioners feel they deserved an investiga-
tion, because an expectation had been created and it could affect the relationship if 
the patient was denied of a referral for the investigation. Therefore, it is important 
that when decisions are made for referral are the benefits versus harm and risks are 
carefully weighed against each other and in situations. It is beneficial by both the 
medical practitioner and the patient work together to determine how to best address 
the situation. The patient gets an opportunity to deliberate, clarify what is most 
important to them and be guided [33].

3.2 The actual medical imaging investigation and outcomes thereof

The diagnostic imaging investigation phase starts with the interpretation of the 
request order. An investigation can only be justified if sufficient relevant clinical 
information is provided on the request form [34, 35]. Information gathering is 
initiated by the medical imaging professional interpretation of the request form. 
The minimal information radiographers routinely receive about their patients prior 
to taking a radiographic image has also been a finding in a study by Halkett et al. 
[36]: the quality of the information on the request form; in the event of a mismatch 
between the investigation requested and the intended investigation; could result in 
an incorrect investigation conducted; and in some instances, the correct investiga-
tion by getting additional information from the patients themselves or by contact-
ing the general practitioner [34]. The medical imaging professional makes the 
choice to accept or reject the request if needed or to modify it and continue with the 
investigation. The quality of the task to be performed is assessed against the qual-
ity of the request and whether the referring medical officer’s question is answered 
[37]. The value of medical records in planning the task at hand is access to patients’ 
previous records and guides on what you could do.

Prior to commencing this subsection, it is important to provide a brief overview 
on the image formation and production and the importance thereof in terms of the 
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3.1 The medical encounter
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inherent risks or harm versus benefits. To produce images depends on the type of 
modality used to acquire an image. A suitable source is required to produce the differ-
ent forms of energy, such as X-rays (high-energy radiation), ultrasound (high-energy 
sound waves), magnetic resonance imaging (strong magnetic fields, electric field gra-
dients, and radio waves), and radioactive substances. Within planar imaging, it would 
be, for instance, the voltage, current, and time which is depended on the distance and 
type of receptor used. For ultrasound, it would be the type of transducer used which 
generates the sound pulses and detects the echoes. Whereas, with MRI, it entails 
selecting appropriate imaging parameters like T1 and T2 and the various software 
available to characterize the image. To produce an image requires a suitable medium to 
capture these attenuated energies and convert to an analogue or digital form of a vis-
ible image on a screen to make a diagnosis. All of these depend on the ability and the 
capability of the imaging equipment, the competency of the operator to make a sound 
decision on the completeness of the investigation using sound scientific knowledge-
based approach without compromising the integrity of the quality of the examination.

For example, in the case of follow-up imaging investigation, it may be modified, 
so with establishing the exposure technique, some factors determine the quality 
of the image. In the case of pathology, sometimes, the exposure technique needs 
to be adapted is to be consistent of the quality standard of the image produced to 
compare with previous images. This is governed, among other factors (e.g., the 
focus to film distance and positioning of the patient), by the exposure technique 
over which the radiographer has most control [38–40]. Precautionary measures 
have a positive outcome on the possible risk of exposing the patient unnecessarily 
to radiation. Part of obtaining an optimal quality image is the investigation protocol 
and procedures including the imaging parameters [41]. Established departmental 
quality control and assurance guidelines are essential to avoid inconsistencies in 
practice which may result in suboptimal imaging investigation. The patient’s physi-
cal condition and capacity to cooperate in the examination must be assessed and 
any shortcomings must be communicated to others in the health-care team [39, 42]. 
Radiographers often have trouble in acquiring the desired projection if the patient 
is either uncooperative or immobile. The investigation is measured against the time 
consumed and the worth in terms of anticipated normal versus abnormal findings.

The completeness of the information required to generate a radiological diag-
nostic report is depended on the quality of the completeness of the request, the 
patient, and the accuracy of investigation performed. According to Khan et al. [10], 
detailed case notes and a well-conceived, ordered list of differential diagnoses are 
the absolute minimum to include in any imaging request to ensure that the selected 
imaging is warranted and to improve the accuracy of reporting. Then, clinicians 
should not just read the radiological report, but ought to be able to interpret the 
image. Misreading of images has been shown to be the most common type of 
clinical error [28]. According to Hardy and Barrett [43], a referral for a diagnostic 
investigation stems from a clinical examination, based on the clinical signs and 
symptoms. The provisional diagnosis can be confirmed or refuted depending on 
the clinician’s ability to interpret the images. Therefore, in all circumstances, the 
decision to do a radiographic investigation should be influenced by the ability to 
interpret the resultant image [27]. It is the responsibility of the treating clinician to 
determine whether the anatomic anomaly revealed by an imaging study is related 
to the patient’s symptoms [10]. This could be since in clinical practice “to recognize 
pathology in a ‘sea of normals’” is quite difficult and “[t]he prevalence of pathology 
can contribute to a ‘context or prevalence bias’ in decision making” [44]. It is rec-
ommended that collaborative radiologist-medical practitioner educational efforts 
to help enhancing medical practitioners’ knowledge could be useful. Another 
option could be use of decision aids [45].
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3.3 Patient autonomy

Patient-centered care puts the patient as partner and collaborator in the diag-
nosis and management of his or her own health conditions. Patient-centered care 
is intricately linked with notions of shared decision-making and the patient’s active 
participation in all processes of the medical encounter, ranging from the provi-
sional diagnosis to the choice of diagnostic investigations (including diagnostic 
imaging), the discussion of provisional findings, and the design of a management 
plan [46–53]. In the doctor-patient consultation, there has been a steady shift from 
paternalism toward a focus on the needs and the multiple voices of providers and 
the autonomy of the patient as being at the center of his or her own care [54]. When 
information is passed on, an individual’s language preferences and level of literacy 
should be considered [50], including the ability to negotiate and coordinate care 
[47]. One way of potentially solving language discordance problems and reducing 
disparities in care is to provide language interpreters [55] for the patient to under-
stand what is going on and could engage effectively [56] to bridge this gap by use of 
comprehensive language and modify some of the terminology through metaphors 
[57]. In communicating the events frequently, little or no mention is made of radia-
tion risk [6, 58]. The argument is the complex and specialized nature of the units 
used to quantify radiation exposure, which is not conducive to effective communi-
cation with the public and even with health professionals. Patients have the right to 
know of the radiation risk and it is the duty of health professionals to inform them 
[6]. This contributes to empowering patients to make informed decisions especially 
in the case of high-dose procedures, where open discussion and shared decision-
making would facilitate the process. Radiologists and their registrars had an expec-
tation that it was the attending medical officers’ responsibility to communicate risks 
and benefits. This type of consultation is also dependent on the institutional culture 
which promotes active participation or where patients are expected to behave like 
“good” patients and passively accept services and attention allocated to them [9].

Another important factor is the potential influence of consumer awareness and 
demand on the patterns of utilization of diagnostic imaging services. Patients may 
demand imaging procedures for various reasons: they may have acquired information 
from the print or electronic media or by word of mouth; or they could believe that 
they should receive specific imaging services for particular symptoms, based on their 
past experience. Most patients are not financially liable for imaging services received. 
If the physician is reluctant to refer them for diagnostic imaging, they may interpret 
it as insensitivity on the part of the physician who withholds procedures that they are 
entitled to. Furthermore, many patients have little understanding of indications for 
or benefits of imaging procedures and the cost involved. Radiation doses and their 
associated risks, and the protection procedures in place are also poorly understood 
[6, 8, 16, 59, 60]. One of the gaps in the current knowledge on the functioning of 
the health system is the extent to which patients are aware of their rights regarding 
participation in the planning of their treatment and diagnostic processes, including 
knowledge of radiation risks. According to Geneau et al. [8], patient demands influ-
ence physicians’ behavior. Espeland and Baerheim [29] found that medical practitio-
ners complied with strong wishes from patients in cases where the clinical indication 
for radiographic investigation was in doubt, little else could be done, the consultation 
was difficult, or time was scarce or out of moral obligation. This created a false sense 
hope that something could and had been done. A choice was made to refer the patient 
without the knowledge of what the patient’s desires were in terms of monetary incen-
tives. The types of misconceptions of passive demands or expectations may have 
been created as a result of the “quick fix” approach, for instance, like, let us rather do 
the X-ray, it is easier. Khan et al. [10] blame physicians for contributing to the idea 
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that an accurate diagnosis is only possible with the aid of an image. The above view 
corresponds with Balaqué and Cedraschi’s [61] contention that “[p]atients tend to 
consider technological investigations as more trustworthy than the clinical examina-
tion.” According to Borgen et al. [62], “normal findings will reassure the patient” 
(p. 197) and treatment, gives patients the feeling of being taken seriously.

4. The professional confined spaces yet inherently multiprofessional

According to Mørk et al. [63], shared practice by its very nature creates boundar-
ies (p. 14), and experiences may be modified and extended in the light of experiences 
in their discipline fields. For example, boundary blurring between practices of 
radiologists and surgeons necessarily evokes conflicts and that each group wants to 
claim ownership to the treatment and to the eligible patients [63]. Powell and Davies 
[65] describe professional territory as “the differences in professional identities 
and core beliefs” and the significant impact of professional identities and boundar-
ies on how individual health-care providers from the same or different profession 
work with each other—something that has implications for the care that patients 
receive. They also refer to the radiology profession seeking to lay claim to particular 
fields of knowledge and to assert their jurisdiction over particular tasks. In a study 
by Johansen and Brodersen [66], the fear of losing demarcations with regard to 
resources and organizational quality is also a concern between medical specialist 
professionals and radiographers where tasks were taken over or shared. Similar to 
Stephens and Carmeli [64], Hilligoss [67] studied that existing personal relation-
ships, differing levels of experience, formal power structures, and hierarchies have 
numerous effects on quality of care or services. Lack of information and understand-
ing of professional roles and responsibilities, meaningful communication, and 
relationships are also reported in the literature [1, 47]. The radiographer’s role in 
theater is confined to a task of taking images, but usually there is no direct coopera-
tion between, for example, operation nurses and radiographers [63]. The power of 
relations in the hierarchies leaves very little space for radiographers to participate in 
decision-making processes dominated by other professions. Medical practitioners 
see the completion of the request form as a medium of instruction to perform a job. 
A radiologist should—before accepting an examination request—be aware of the 
clinical condition of the patient and the preceding examinations, to be able to make 
appropriate decisions [35] in the event of not having the full picture of the interac-
tions that had taken place prior to the referral. They were respectful of the doctor-
patient relationship and did not want to be the confounders, which could often result 
in conflict. Lewis et al. refer to unethical situations relating to the justification of 
radiographic examinations and radiographers’ feelings of uncertainty regarding 
their legal and moral responsibilities [68]. Olivier et al. see radiographers as often 
being in the forefront where patients want to know from them what is wrong [69]. 
They emphasize the importance of finding the appropriate words that will keep them 
within their professional boundary. If the radiographer is not able to disclose results 
to patients, it does not afford them much professional autonomy in their working 
environment [50]. Often the patient is at risk of not been communicated too.

The biomedical and psychosocial worlds cannot be treated as isolated com-
ponents [58]. These authors refer to the different languages and cultures of these 
worlds—different ways of knowing—that both contribute to the establishment of 
overall care of the patients, inter alia about efficient use of resources, the quality of 
services, and provider and patient satisfaction. These authors refer to the predict-
ability existing in the biomedical world with its focus on anatomy and physiology 
with a view to diagnose and institute effective treatment to bring the human body 
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back to its “normal state.” This is in contrast with the greater unpredictability and 
complexity inherent in the psychosocial nature where cognition, emotion, and 
behavior function more at a normative level needed for adaptability and flexibility. 
Figure 1 represents an attempt to interpret the biopsychosocial interactions within 
“a bigger picture” [58] that portray the nonstatic nature of health-care provision 
with ever-changing and emerging ways of treatment and health management 
interaction with recent technological evidence [51].

There is also a growing body of knowledge on the interpretation of biotechno 
interactions in the ambit of medical technoscience; for example, relations between 
the analog and digital technological worlds of communication and interactive 
processes, and the fusion between diagnostic and therapeutic work [47, 63, 71].

Figure 2 depicts the role of information and interpretation in diagnostic imag-
ing decision-making. At each point of contact, four interrelating activities with the 
focus on information take place: information gathering, information verification, 
information processing, and information exchange. All these activities also play a 
role in the final transformation of information, that is, integration and interpreta-
tion needed for completing the assessment-treatment-expected outcome sequence 
[70]. This is a continuous cyclical circular process that plays itself out throughout 
the patient’s journey.

The decision-making and diagnosis processes are also characterized by infor-
mation and knowledge inputs and outputs that contribute to an awareness of the 
bigger picture and which Wilson [72] considers as a basis for decision-making 
processes that could lead to improved operational, economic, or clinical benefit 

Figure 1. 
The biotechnopsychosocial network of interactions.
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[73]. According to Paul and Reddy, interpretation draws on mediation tools and 
embedded contexts such as work practices, cultures, organization structures, and 
interpersonal relations [74].

To construct and reconstruct a diagnosis and management plan to improve 
patient outcomes, information in the form of empirical evidence—the “right” piece 
of information—needs to be gathered during a medical consultation and by means 
of diagnostic tests [75, 76]. Pivotal questions are “what information to gather?; 
which diagnostic test to perform?; how to interpret and integrate this information 
to draw diagnostic conclusions?” ([75], pp. 26–27).

Medical imaging procedures whether diagnostic or interventional, for instance, 
draw the following together: the system; diverse but interconnected communities 
of practice; the patient; technology; drugs; clinical interventions; and many other 
elements [77]. All of them are interconnected and interrelated, “yet each irreduc-
ible to the other.”

Regarding diagnostic imaging, Murphy [78] distinguishes between “hard technol-
ogy” (equipment) designed to diagnose and treat disease and “soft technology” that 
includes the social interactions of radiographers with patients and other health-care 
professionals. The radiographer acts as an interface between the patient and biomedi-
cal health, technology, and humane health care, referred to as “technology-in-practice” 
[79]. The coordinating power of health technologies is concerned with how technolo-
gies can bring together or break apart the pragmatic worlds as social actors navigate in 
our everyday lives [80]. Reeves and Decker [81] refer to the “technology-human dual-
ism” with which the profession of radiography is faced because of the short encounter 
and once-off interactions with patients discouraging emotional investment. Within 
the imaging context entails an acknowledgement of the situation-specific encounter 
between individual patients and health-care professionals where patient needs and 
desires do not come to the forefront instead the anatomy and physiology [70].

Some of these combined terminologies referred to above are well described in 
the literature, whereas others need further exploration in future in terms of the 
feasibility of their application and their relations to quality of patient care, patient 
and provider satisfaction, and/or efficient use of resources [70]. The ever-shifting 

Figure 2. 
The role of information and interpretation in diagnostic imaging decision-making.
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boundaries between different worlds in which health-care providers and patients 
are situated and the interconnectedness between role players also has particular 
implications for the formation of professional boundaries, and identities illustrating 
the temporariness of encounters within the continuum of the care is the challenge 
of ensuring the safety of the patient as a person.

5. Conclusions

In conclusion, the building blocks for deciding on the most appropriate inves-
tigation of choice with minimal risk and optimal benefit in terms of management 
and treatment strategies are highly dependent on the organizational structure, its 
institutional members, the quality of the referral, the investigation itself, and the 
outcomes thereof. The process evolves as the events unfold, based on the actions 
that are taken and highly dependent on who is communicating with whom in that 
institution or with a referral institution and what is communicated with whom. 
The processes and interactions are also more dependent on what patients present 
with and how patients present their condition. It calls for a risk-centered approach 
to many syndromes and chronic conditions [6] and parallels proposals that public 
health should be organized around achievable outcomes rather than disease catego-
ries. Such a framework shifts the focus of clinical practice to improving outcomes 
for patients in their total biological, psychological, and social environment and 
away from an exclusive and narrow focus on underlying disease as the determinant 
of outcome. The underlying “disease” is often a continuous distribution of prob-
ability for future health states [21]. This encounter entails the patient together with 
a diverse range of health-care professionals to collectively align their decisions in 
ensuring that the safety and care of the patient as a person is not compromised in 
the delivery of health-care services.
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Chapter 6

Dosimetry for Use in Preparedness
and Response to Radiological and
Nuclear Emergency
Vladimir Kutkov

Abstract

Lessons learned from responses to past radiological and nuclear emergencies
have shown that more guidance is needed for assessing doses to those who were
affected in emergency exposure situation. The chapter introduces system of dosi-
metric quantities for use in emergency preparedness and response to nuclear or
radiological emergency, which includes RBE-weighted absorbed dose in tissue or
organ for evaluation of the risk of severe deterministic effects, equivalent dose in
tissue or organ for evaluation of the risk of stochastic effects, and effective dose for
evaluation of the detriment due to undetectable stochastic effects. The chapter also
provides internationally proved criteria for protection of individual in emergency
exposure situation and framework of dose and risk assessment in an emergency.
The special attention has been put on evaluation of available sources of dosimetric
data needed for dose and risk assessment in an emergency.

Keywords: emergency, dosimetry, internal exposure, external exposure,
deterministic effects, stochastic effects

1. Introduction

In event of nuclear or radiological emergency, uncontrolled exposure to ionizing
radiation can cause fatal or threatening health effects. Dose received by individual
determines the nature of such effects and their severity. To protect individual in
emergency exposure situation, one needs to assess doses, which have been received,
or would be received in emergency exposure situation, to be able to take an
informed decision on protective and other response actions, including medical
treatment of overexposed person as demanded in the IAEA General Safety
Requirements (GSR) Part 7 [1]. The chapter presents a basis for dose assessment in
emergency exposure situation and includes three parts:

1. Explanation of dosimetric quantities, such as basic, protection, and operational
quantities, for use in emergency preparedness and response.

2. Criteria for assessment of doses received or expected to be received in
emergency exposure situation.

3. Framework of estimation of protection quantities from monitoring results in
event of nuclear or radiological emergency.
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2. Dosimetric quantities

The International Commission on Radiation Units and Measurements (ICRU)
in Report 30 [2] formulates a quantitative dosimetric concept in radiobiology
as follows:

1. Biological effects of radiation are correlated with the energy absorbed by
ionization and excitation in unit mass of tissue.

2. Biological effects of radiation are modified by microscopic spatial distribution
of energy of radiation imparted to matter.

Dosimetric concept considers two-step assessment of a dose to characterize
health consequences of exposure to ionizing radiation. On the first step, an energy
of radiation absorbed in a tissue or organ has to be evaluated. On the next step, a
human exposure has to be evaluated in term of protection quantities which could be
used in models of developing radiation health effects to assess health consequences
(risks) associated with irradiation. At this step, quality of radiation has to be con-
sidered taking into account its dependence on properties of radiation, properties of
tissue or organ, and expected health effect.

2.1 Basic physical quantities

The basic dosimetric quantities include the particle fluence ΦR, the kerma KR,
and the absorbed dose DR of radiation R. Basic quantities characterize the field of
radiation and its interaction with a medium where the human body could be
present:

1. The fluence, ΦR, is the quotient of dNR by ds, where dNR is the number
of particles R incident on a sphere of cross-sectional area ds. Unit of fluence
is m�2.

2. The kerma, KR, for ionizing uncharged particles R, is the quotient of dEtr by
dm, where dEtr is the mean sum of the initial kinetic energies of all the charged
particles liberated in a mass dm of a material by the uncharged particles
incident on dm. Unit of kerma is J/kg. The special name for the unit of kerma is
gray (Gy).

3. The absorbed dose, DR, is the quotient of dε by dm, where dε is the mean
energy imparted by ionizing radiation to matter of mass dm. Unit of absorbed
dose is J/kg. The special name for the unit of absorbed dose is gray (Gy).

The ICRU provides exact definition of these quantities in [3].

2.2 Protection quantities

Protection quantities are the dosimetric quantities, which characterize the irra-
diation of the human. GSR Part 7 [1] states that in response to emergency, “consid-
eration shall be given to actions to be taken to avoid or to minimize severe
deterministic effects and to reduce the risk of stochastic effects. Deterministic
effects shall be evaluated on the basis of relative biological effectiveness (RBE)
weighted absorbed dose in tissue or organ. Stochastic effects in a tissue or organ
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shall be evaluated on the basis of equivalent dose in tissue or organ. The detriment
associated with the occurrence of stochastic effects in individuals in an exposed
population shall be evaluated on the basis of the effective dose” (para. 4.28 of GSR
Part 7 [1]). Dosimetric quantities of RBE-weighted absorbed dose in tissue or organ
T, ADT; equivalent dose in tissue or organ T, HT; and effective dose E are defined in
GSG-2 [4] and GSR Part 3 [5] and recommended for protection purposes.

The overall theory on the development of biological health effects is not yet
developed. The protection quantities are essentially used for evaluation of conse-
quences of human exposure to ionizing radiation in terms of developing determin-
istic and stochastic health effects separately as listed in Table 1. Figure 1 presents
relationship between protection quantities and basic physical quantities.

Radiation protection quantities could not be measured directly. In particular
irradiation conditions, they could be calculated by taking into account estimates of
basic protection quantities (results of their measurement or calculation), geometry
of irradiation, characteristics of irradiated person, etc. For radiation protection
purposes, these quantities are defined for reference persons representing different
groups of the public and workers in [6] and standard irradiation geometries for
external exposure in [7].

Definitions of these quantities can be found in the GSR Part 3 [5], 2007 Recom-
mendations of the International Commission on Radiological Protection (ICRP) [8],
and EPR Publication [9].

The determination of RBE-weighted dose ADT in a tissue or organ T involves the
use of tissue-specific and radiation-specific factors RBET,R as a multiplier of
absorbed dose for radiation R, to reflect the relative biological effectiveness of the
radiation in inducing severe deterministic effect in organ T at high doses:

ADT ¼ ∑
R
DT,R � RBET,R, (1)

where DT,R is the average absorbed dose in the tissue or organ T for radiation R.
Factor RBET,R depends on the quality of radiation and macroscopic distribution

of energy of radiation imparted to matter of affected organ or tissue [9]. The role of
such heterogeneity is significant in the case of internal exposure [9, 10]. The RBE-
weighted absorbed dose in tissue or organ is defined for use together with

Dosimetric quantity Symbol Unit Purpose

Protection quantities

RBE-weighted absorbed
dose in tissue or organ T

ADT Gy For evaluating deterministic effects induced as a result
of exposure of an organ or tissue T

Equivalent dose in tissue or
organ T

HT Sv For evaluating stochastic effects induced as a result of
exposure of an organ or tissue T

Effective dose E Sv For evaluating detriment related to the occurrence of
stochastic effects in an exposed population

Operational quantities

Personal dose equivalent HP dð Þ Sv For monitoring external exposure of an individual

Ambient dose equivalent H∗ dð Þ Sv For monitoring a radiation field of the strongly
penetrating radiation

Directional dose equivalent H0 d;Ωð Þ Sv For monitoring a radiation field of the weakly
penetrating radiation

Table 1.
Dosimetric quantities.
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radiobiological model for assessing the risk of developing severe deterministic
effects in critical organs and tissues at high doses [9–12].

The determination of equivalent dose HT in a tissue or organ T involves the use
of a radiation weighting factor wR as a multiplier of absorbed dose for radiation R,
to reflect the relative biological effectiveness of the radiation in inducing stochastic
effects at low doses:

HT ¼ ∑
R
DT,R �wR: (2)

The equivalent dose in tissue or organ is defined for use together with radiobio-
logical model for assessing the risk of developing stochastic effects in organs and
tissues at low doses of external [13] and internal [14] exposure.

The determination of effective dose E involves the use of a tissue weighting
factor wT as a multiplier of equivalent dose for tissue T, to account for the different
sensitivities of different tissues or organs to the induction of stochastic effects and
production of radiation detriment [8, 15]:

E ¼ ∑
T
HT � wT ¼ ∑

T,R
DT,R � wR �wT: (3)

In accordance with the ICRP, the radiation detriment is the total harm to health
experienced by an exposed group and its descendants as a result of the group’s
exposure to a radiation source. Detriment is a multidimensional concept. Its princi-
pal components are the stochastic quantities: probability of attributable fatal cancer,
weighted probability of attributable nonfatal cancer, weighted probability of severe
heritable effects, and length of life lost if the harm occurs [8]. The 2007

Figure 1.
Dosimetric quantities.
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Recommendations of the ICRP state in para. (153) that the main and primary uses
of effective dose in radiological protection for both occupational workers and the
general public are:

• prospective dose assessment for planning and optimization of protection; and

• retrospective dose assessment for demonstrating compliance with dose limits,
or for comparing with dose constraints or reference levels.

In this regard, organ or tissue equivalent doses, not effective doses, are required
for assessing the probability of cancer induction in exposed individuals.

The recommended values of RBET,R, wR and wT are based on a review of
published biological and epidemiological studies and are given in the definitions of
protection quantities in GSR Part 3 [5].

2.3 Operational quantities

Since radiation protection quantities cannot be measured directly, the ICRU
introduced operational quantities for practical use in radiation protection where
exposure due to external sources is concerned. Definitions of these quantities can be
found in [16–20] and in GSR Part 3 [5]. The operational quantities provide an
estimate of effective or equivalent dose in tissue or organ in such a way that avoids
overestimation in most radiation fields encountered in practice [7]. Radiation qual-
ity factor Q(L) is used in calculating the operational dose equivalent quantities used
in monitoring [21]. The quality factor characterizes the biological effectiveness of
the radiation type, based on the ionization density along the tracks of charged
particles in tissue. Q is defined as a function of the unrestricted linear energy
transfer, Lm (often denoted as L or linear energy transfer, LET), of charged particles
in water. Detailed evaluation of the relationship between the physical, protection,
and operational quantities was conducted by a joint task group of the ICRP and
ICRU [7].

Strongly penetrating radiation and weakly penetrating radiation are considered
in radiation dosimetry and are differentiated as follows. For most practical pur-
poses, it may be assumed that strongly penetrating radiation includes photons of
energy above about 12 keV, electrons of energy more than about 2 MeV, and
neutrons. It may be also assumed that weakly penetrating radiation includes pho-
tons of energy below about 12 keV, electrons of energy less than about 2 MeV, and
massive charged particles as protons and alpha particles [5].

The operational quantity for individual monitoring is the personal dose equiva-
lent HP dð Þ. Any statement of personal dose equivalent has to include a specification
of the reference depth d. In order to simplify the notation, d is assumed to be
expressed in millimeters.

For strongly penetrating radiation, the reference depth for controlling the radi-
ation detriment in planned exposure situation is 10 mm. Personal dose equivalent
HP 10ð Þ provides a conservative estimate of effective dose to adult for strongly
penetrating radiation.

For weakly penetrating radiation, the reference depth for controlling stochastic
effects due to irradiation of the basal membrane of the skin is 0.07 mm, and the
deterministic effect in lens of the eye is 3 mm [15, 22, 23].

For monitoring of the lens of the eye, a depth of 3 mm is recommended by the
International Commission on Radiation Units and Measurements [3], so the opera-
tional quantity to be used is HP 3ð Þ. In practice, however, the use of HP 3ð Þ has not
yet been implemented for routine individual monitoring. In specific cases, when
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actual workplace radiation fields are known, monitoring of the eye through dosim-
eters calibrated for HP 0:07ð Þ could be acceptable. In [23], it is stated that HP 0:07ð Þ
can be considered a good operational quantity for the lens of the eye for exposures
to fields for which most of the dose is due to photons, including X radiation. In such
cases, it has to be borne in mind that the uncertainty associated with the estimation
of equivalent dose will be higher.

The operational quantities recommended for workplace monitoring are defined
in a phantom known as the ICRU sphere [18]. This is a sphere of 30 cm diameter
made of tissue equivalent material with a density of 1 g/cm3 and an elemental
composition (by mass) of 76.2% oxygen, 11.1% carbon, 10.1% hydrogen, and 2.6%
nitrogen.

The two quantities recommended by the International Commission on Radiation
Units and Measurements for workplace monitoring [3] are the ambient dose equiv-
alent H∗ dð Þ and the directional dose equivalent H0 d;Ωð Þ.

The ambient dose equivalent H∗ dð Þ at a point in a radiation field is the dose
equivalent that would be produced by the corresponding aligned and expanded
field in the ICRU sphere, at a depth d on the radius opposing the direction of the
aligned field.

The expanded field (see Figure 2(b)) is one in which the fluence and its angular
and energy distribution are the same throughout the volume of interest as in the
actual field at the point of reference (see Figure 2(a)). In the expanded and aligned
field (see Figure 2(c)), the fluence and its energy distribution are the same as in the
expanded field, but the fluence is unidirectional [12].

Any statement of ambient dose equivalent has to include a specification of the
reference depth d. For strongly penetrating radiation, the recommended depth is
10 mm.When measuring H∗ 10ð Þ, the radiation fields have to be uniformed over the
sensitive volume of the instrument, and the instrument has to have an isotropic
response.

The directional dose equivalent H0 d;Ωð Þ at a point in a radiation field is the dose
equivalent that would be produced by the corresponding expanded field in the ICRU
sphere, at a depth d on a radius in a specified direction Ω. Any statement of direc-
tional dose equivalent has to include a specification of the reference depth d and the
direction Ω of the radiation. For strongly penetrating radiation and weakly pene-
trating radiation, the recommended depths are 10 mm and 0.07 mm, respectively.

Figure 2.
Actual, expanded, and aligned radiation field.
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If the field is unidirectional, the direction Ω is specified as the angle between the
radius opposing the incident field and the specified radius. When the specified
radius is parallel to the radiation field (i.e., when Ω = 0°) the quantity H0 d;0ð Þ is
equal to H∗ dð Þ. When measuring H0 d;Ωð Þ, the radiation fields have to be uniformed
over the dimensions of the instrument, and the instrument has to have the appro-
priate directional response.

3. Generic dosimetric criteria

When determining the possible health hazard, three dosimetric quantities must
be considered as shown in Table 1:

1. The RBE-weighted dose ADT, which is used to evaluate the risk of severe
deterministic effects

2. The equivalent dose HT, which is used to evaluate the risk of stochastic effects

3. The effective dose E, which is used to evaluate the radiogenic detriment for
purposes of radiation protection

Protection quantities are applicable in certain dose ranges. Figure 3 provides an
example of the applicable ranges for dosimetric quantities characterizing external
penetrating radiation to evaluate risk of severe deterministic effects and stochastic
effects, i.e., observable increase in the incidence of radiation-induced cancers. The
ranges are not exactly defined because of competition of effects. For instance, both
the risks of radiogenic cancers and severe deterministic effects have to be evaluated
when whole-body absorbed dose is around 1 Gy. Below 100 mGy may not have any
severe deterministic effects or an observable increase in the incidence of cancer,
even in a very large exposed group. An increase in the cancer incidence rate due to
radiation-induced cases is uncertain and will not be detectable [10, 12, 24].

The system of protective actions and other response actions in an emergency
includes numerical values of generic criteria as well as of the corresponding opera-
tional criteria that form the basis for decision-making in an emergency.

Table 2 presents levels of RBE-weighted absorbed dose in critical organs and
tissues which if exceeded will give rise to severe deterministic effects in 5% of those
who are exposed.

Figure 3.
Probability of severe health effects as a function of absorbed dose for external penetrating radiation.
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Table 3 provides the dosimetric criteria used to define the radiological health
hazard level used for taking a decision on implementation of protective and other
response actions in emergency exposure situation. These criteria are based on
Table 3 of [4], which provides the international generic criteria below which the
risk of cancers and other health effects is too low to justify taking any protective or
other response actions, such as a medical screening. The criteria were established
for exposures at high-dose rates. For the lower-dose rates that will occur off the site
following a release resulting from a severe emergency at a light-water reactor or its
spent fuel pool, a comparable level of radiation-induced cancer risk would probably
occur at a dose two or more times higher [8].

For restricting the exposure of emergency workers having assigned tasks in an
emergency response, Table 4 provides guidance values in terms of personal dose
equivalent HP 10ð Þ from external exposure to strongly penetrating radiation. The
values for HP 10ð Þ in Table 4 assume that every effort has been made for protection
against external exposure to weakly penetrating radiation and against exposure due
to intakes or skin contamination (see para. 5.53 of GSR Part 7 [1]). The values of

Quantity Level Comments

Acute external exposure (for less than 10 h)

ADRed marrow 1 Gy ADRed marrow represents the RBE-weighted absorbed dose in internal tissues or
organs from exposure in a uniform field of strongly penetrating radiation [1, 4]

ADFetus=Embryo 0.1 Gy No

ADSoft tissue 25 Gy Dose delivered to 100 cm2 at a depth of 0.5 cm under the body surface in soft
tissue [1, 4]

ADSkn derma 10 Gy Dose delivered to the 100 cm2 dermis (skin structures at a depth of 40 mg=cm2

(or 0.4 mm) below the body surface) [1, 4]

Acute intake of radioactive substance

ADRed marrow Δð Þ 0.2 Gy For intake of radionuclides with Z > 90; Δ = 30 d [1, 4]

2 Gy For intake of radionuclides with Z ≤ 89; Δ = 30 d [1, 4]

ADThyroid Δð Þ 2 Gy For intake of thyroid-seeking radionuclides; Δ = 30 d [1, 4]

ADLung Δð Þ 30 Gy For the purposes of these generic criteria, “lung” means the alveolar-interstitial
region of the respiratory tract; Δ = 30 d [1, 4]

ADColon Δð Þ 20 Gy For the purposes of these generic criteria, “colon” presents upper and lower
large intestine: Δ = 30 d [1, 4]

ADFetus=Embryo eΔ
� �

0.
1 Gy

For this particular case, eΔ means the period of in utero development [1, 4]

Table 2.
Criteria for assessing the high doses from external and internal exposure.

Quantity Level Comments

E 100 mSv in 1 year No

HFetus=Embryo 100 mSv in 1 year No

HThyroid 100 mSv in 1 year For intake of thyroid-seeking radionuclides

Table 3.
Criteria for assessing the intermediate doses from external and internal exposure.
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HP 10ð Þ in Table 4 are used for planning and operational monitoring of the work’s
exposure.

To assure protection of the emergency workers, the total effective dose and the
RBE-weighted absorbed dose in a tissue or organ via all exposure pathways need to
be estimated as early as possible in a nuclear or radiological emergency.

4. Estimation of protection quantities

Protection quantities of ADT,HT and E characterize the exposure of an individ-
ual for purposes of implementation of protective actions and other actions to pro-
tect him or her in emergency exposure situation. The practical goal of radiation
monitoring in emergency exposure situation is to provide the information required
for estimation of protective quantities.

4.1 Estimation of protection quantities characterizing an external exposure

Properties of external radiation entering the body of individual R, basic physical
characteristics of radiation field, such as particle fluence ΦR, the kerma KR, and
geometry of irradiation G, provide a basis for estimation of the protection quantities
from external exposure. For idealized irradiation geometries, the ICRP in [7] pre-
sents the relationship between basic physical quantities and protection quantities
for monoenergetic photons, electrons and positrons, neutrons, protons, muons,
pions, and helium ions in six considered irradiation geometries: AP,
anteroposterior; PA, posteroanterior; LLAT, left lateral; RLAT, right lateral; ROT,
rotational; and ISO, isotropic.

As presented in Figure 4, the major characteristic of a field of radiation is a
fluence of radiation ΦR. For monoenergetic radiation, an ambient dose equivalent
and air kerma are proportional to fluence:

ΦR ¼ Ka,R=ka,R ¼ H∗
R dð Þ=h∗R dð Þ: (4)

For non-monoenergetic radiation

Ka ¼ ∑
R

Z
ΦR εRð Þ � ka εRð ÞdεR, (5)

Task Quantity and guidance level

HP 10ð Þ E ADT

Lifesaving actions (a)

Actions to prevent severe deterministic effects and actions to
prevent the development of catastrophic conditions that could
significantly affect people and the environment

500 mSv 500 mSv 50% from
Table 2

Actions to avert a large collective dose 100 mSv 100 mSv 10% from
Table 2

Note: (a)This value may be exceeded—with due consideration of the generic criteria in Table 2—under circumstances
in which the expected benefits to others clearly outweigh the emergency worker’s own health risks and the emergency
worker volunteers to take the action and understands and accepts these health risks [1].

Table 4.
Criteria for assessing individual doses in emergency workers.
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H∗ 10ð Þ ¼ ∑
R

Z
ΦR εRð Þ � h∗ 10; εRð ÞdεR, (6)

where ΦR εRð ÞdεR is the fluence of radiation R with energy between εR and
εR þ dεR, ka εRð Þ is the dose coefficient of air kerma of radiation R with energy εR,
and h∗ 10; εRð Þ is the dose coefficient of ambient dose equivalent of radiation R with
energy εR.

For irradiation geometry G, one has

HP 10ð ÞG ¼ ∑
R

Z
ΦR εRð Þ � hP 10; εRð ÞGdεR, (7)

ADT,G ¼ ∑
R

Z
ΦR εRð Þ � AdT 10; εRð ÞGdεR, (8)

HT,G ¼ ∑
R

Z
ΦR εRð Þ � hT εRð ÞGdεR, (9)

EG ¼ ∑
R

Z
ΦR εRð Þ � e εRð ÞGdεR, (10)

where ka εRð Þ is the dose coefficient of air kerma of radiation R with energy εR,
hP 10; εRð ÞG is the dose coefficient of personal dose equivalent of radiation R with
energy εR and irradiation geometry G, AdT εRð ÞG is the dose coefficient of RBE-
weighted dose in organ T of radiation R with energy εR and irradiation geometry G,
hT εRð ÞG is the dose coefficient of equivalent dose in organ T of radiation R with
energy εR and irradiation geometry G, and e εRð ÞG is the dose coefficient of effective
dose of radiation R with energy εR and irradiation geometry G.

For photon radiation, values of AdT εRð ÞG and hT εRð ÞG are numerically equal
when the same organ or tissue and irradiation geometry are considered.

The internet resource [25] provides tools for evaluation of absorbed dose in
different organs from point or volumetric radioactive sources inside or outside the
human body.

The publication [26] provides dose coefficients for exposure to bulk sources that
are ground, water body and cloud containing radioactive material.

Figure 4.
General scheme for assessment of individual external dose from monitoring.
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The publication [27] presents a compendium of neutron spectra, which could be
used for estimation of protection quantities in accordance with Eqs. (7)–(10). The
estimates show that for fission neutrons scattered from the concrete walls of the
facility, soil, or from the air surrounding the facility (skyshine), the value of
AdT εRð ÞG is numerically equal to 1/5 of hT εRð ÞG when the same organ or tissue and
irradiation geometry are considered. This linkage provide the possibility to use
results of operational or routine monitoring of doses in workers for estimation of
ADRed marrow in emergency exposure situation as required by GSR Part 7 and
presented in Table 4.

As presented in [7], dose coefficients mentioned above are proportional to
the photon energy in range of (0.1–6) MeV. Therefore, for the same irradiation
geometry

HT,G � εj
hT εj

� �
G

ffi HP 10ð ÞG � εj
hP 10; εj
� �

G

ffi H∗ 10ð Þ � εj
h∗ 10; εj
� � ffi Ka � εj

ka εj
� � …, (11)

where εj is any photon energy from range of (0.1–6) MeV.
For mentioned range of photon’ energy, the exposure is proportional to the

kerma free-in-air (air kerma) or exposure. Thus, in the same point of field of
photon radiation, exposure or kerma in air for an exposure of 100 R is 0.876 Gy
[28]. This linkage provides the possibility to use old devices such as exposure meters
(R-meters) in environmental monitoring for estimation of air kerma and protection
quantities as given in Eq. (11).

The protection quantities ADT,HT and E received from exposure due to external
sources can be also estimated from the operational quantities by using the following
equations:

E ffi HP 10ð Þ: (12)

HSkin ffi HP 0:07ð Þ: (13)

HLense of eye ffi HP 0:07ð Þ: (14)

For strongly penetrating radiation, the critical organ for controlling the devel-
opment of the severe deterministic effects in individual is the red marrow [1, 4].
The ICRU did not recommend depth for controlling the dose in the red marrow. For
practical reasons, monitoring of the red marrow through dosimeters calibrated for
HP 10ð Þ could be acceptable. The RBE-weighted absorbed dose in the red marrow
received from exposure due to external sources can be estimated from the opera-
tional quantities by using the following equation:

ADRed Marrow ffi HP 10ð Þ: (15)

For weakly penetrating radiation and in emergency exposure situation, the refer-
ence depth for controlling severe deterministic effects due to irradiation of the derma
of the skin is 0.4 mm and for controlling the severe deterministic effects due to
irradiation of shallow soft tissue is 5 mm [1, 4, 9, 10]. The ICRU did not recommend
operational quantity for controlling the dose in the skin derma or shallow soft tissue
in emergency exposure situation. For practical reasons, monitoring of the skin derma
and shallow soft tissue through dosimeters calibrated for HP 0:07ð Þ could be accept-
able. The RBE-weighted absorbed dose in the skin derma or in shallow soft tissue
received from exposure due to external sources can be conservatively estimated from
the operational quantities by using the following equations:

ADSkin derma ffi 0:07ð Þ: (16)
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ADSoft tissue ffi HP 3ð Þ: (17)

Based on the foregoing, individual monitoring in planned, emergency and
existing exposure situations through individual dosimeters calibrated for HP 10ð Þ
and HP 0:07ð Þ could be acceptable.

4.2 Estimation of protection quantities characterizing an internal exposure

Internal doses cannot be measured directly; they can only be calculated from
intake of radioactive substance through particular route such as respiratory system
in the case of inhalation, gastrointestinal tract in the case of ingestion or wound, and
undamaged skin in the case of contamination. The individual intake also could not
be directly measured and can only be inferred from individual measurements of
other quantities, such as measurements of activity in the body or in excretion
samples or activity concentration in foodstuff or the environment. In circumstances
where individual monitoring is inappropriate, inadequate, or not feasible, the occu-
pational exposure of workers may be assessed on the basis of workplace monitoring
and other relevant information such as location and durations of exposure. Individ-
ual measurements include measurements made by both direct and indirect
methods. Methods for the measurement of activity content in the body, such as
whole-body, lung, or thyroid counting, are examples of direct methods. Measure-
ments of activity in collected biological samples or measurements made using
personal air sampling are examples of indirect methods.

The conceptual framework for the assessment of doses from individual or envi-
ronmental measurements is illustrated in Figure 5.

Chemical and physical properties of radioactive substance S containing radio-
nuclide, the route of intake into the human body P, and value of intake IS,P com-
posite a base for estimation of the protection quantities from internal exposure.

The measurable characteristics of internal exposure are quantities of body con-
tent or excretion rate of radionuclide M and concentration of radioactive substance
in the environmental media C tð ÞS.

According to the scheme in Figure 5, the value of the intake of radioactive
substance S could be obtained by multiplying the integrated over time the measured
concentration of radioactive substance in the environmental media C tð ÞS by the
appropriate value of vP gð Þ:

I gð ÞS,P ¼ vP gð Þ �
Z t

0
C xð ÞSdx, (18)

where vP gð Þ is the consumption rate of an individual of age group g through
route P and t is the period of consumption.

According to the scheme in Figure 5, the value of the intake of radioactive
substance S is obtained by dividing the measured body content or excretion rate M
by the appropriate value of m t; gð ÞS,P:

I gð ÞS,P ¼ M=m t; gð ÞS,P, (19)

where m t; gð ÞS,P is the fraction of an intake that remains in the body (for direct
methods) or that is being excreted from the body (for indirect methods) at time t
after the intake. This fraction depends on the radionuclide, its chemical and
physical form in substance S, the route of intake P, the age group of age g, and the
time t [29, 30].
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Special attention has to be paid to the interpretation of bioassay measurements
after the use of means for blocking the uptake of radionuclides or for enhancing
their excretion, such as the administration of diuretics, laxatives, or blocking or
chelating agents, as well as after the removal of contamination and/or surgical
intervention at a wound site. These techniques influence and modify the biokinetic
behavior of the incorporated radionuclides, thus invalidating the use of the stan-
dardized modeling approach for estimating intake and dose from the bioassay
measurements.

In such cases, alternative approaches have to be employed, such as discarding
data on excretion for excretion samples collected during the period in which excre-
tion rates may be assumed to have been influenced by the treatment or modifying
the standard models in order to take into account the effect of the treatment.
Examples of analyses performed after the administration of the chelating agent
Ca-DTPA (a calcium salt of diethylenetriaminepentaacetic acid) in cases of acci-
dental intakes of actinides can be found in [31–33]. Bioassay measurements for dose
assessment purposes are performed after a certain time period, posttreatment with
Ca-DTPA, until the excretion of the radionuclide stabilizes in urine samples. Influ-
ence of iodine thyroid blocking on biokinetic of iodine in human body is discussed
in [34]. Influence of administration of Prussian blue {Fe4[Fe(CN)6]3} on biokinetic
of Cs is discussed in [35].

The specific protection quantities of committed RBE-weighted organ dose
ADT Δ; gð Þ, committed equivalent organ dose HT τ; gð Þ, and committed effective
dose E τ; gð Þ are used for evaluation of dose in an internal dosimetry:

ADT Δ; gð Þ ffi ∑
S, P

I gð ÞS,P � AdT Δ; gð ÞS,P
n o

, (20)

HT τ; gð Þ ¼ ∑
S, P

I gð ÞS,P � hT τ; gð ÞS,P
n o

, (21)

E τ; gð Þ ¼ ∑
S, P

I gð ÞS,P � e τ; gð ÞS,P
n o

, (22)

Figure 5.
General scheme for assessment of individual internal dose from monitoring.
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ADSoft tissue ffi HP 3ð Þ: (17)

Based on the foregoing, individual monitoring in planned, emergency and
existing exposure situations through individual dosimeters calibrated for HP 10ð Þ
and HP 0:07ð Þ could be acceptable.

4.2 Estimation of protection quantities characterizing an internal exposure

Internal doses cannot be measured directly; they can only be calculated from
intake of radioactive substance through particular route such as respiratory system
in the case of inhalation, gastrointestinal tract in the case of ingestion or wound, and
undamaged skin in the case of contamination. The individual intake also could not
be directly measured and can only be inferred from individual measurements of
other quantities, such as measurements of activity in the body or in excretion
samples or activity concentration in foodstuff or the environment. In circumstances
where individual monitoring is inappropriate, inadequate, or not feasible, the occu-
pational exposure of workers may be assessed on the basis of workplace monitoring
and other relevant information such as location and durations of exposure. Individ-
ual measurements include measurements made by both direct and indirect
methods. Methods for the measurement of activity content in the body, such as
whole-body, lung, or thyroid counting, are examples of direct methods. Measure-
ments of activity in collected biological samples or measurements made using
personal air sampling are examples of indirect methods.

The conceptual framework for the assessment of doses from individual or envi-
ronmental measurements is illustrated in Figure 5.

Chemical and physical properties of radioactive substance S containing radio-
nuclide, the route of intake into the human body P, and value of intake IS,P com-
posite a base for estimation of the protection quantities from internal exposure.

The measurable characteristics of internal exposure are quantities of body con-
tent or excretion rate of radionuclide M and concentration of radioactive substance
in the environmental media C tð ÞS.

According to the scheme in Figure 5, the value of the intake of radioactive
substance S could be obtained by multiplying the integrated over time the measured
concentration of radioactive substance in the environmental media C tð ÞS by the
appropriate value of vP gð Þ:

I gð ÞS,P ¼ vP gð Þ �
Z t

0
C xð ÞSdx, (18)

where vP gð Þ is the consumption rate of an individual of age group g through
route P and t is the period of consumption.

According to the scheme in Figure 5, the value of the intake of radioactive
substance S is obtained by dividing the measured body content or excretion rate M
by the appropriate value of m t; gð ÞS,P:

I gð ÞS,P ¼ M=m t; gð ÞS,P, (19)

where m t; gð ÞS,P is the fraction of an intake that remains in the body (for direct
methods) or that is being excreted from the body (for indirect methods) at time t
after the intake. This fraction depends on the radionuclide, its chemical and
physical form in substance S, the route of intake P, the age group of age g, and the
time t [29, 30].

112

Ionizing and Non-ionizing Radiation

Special attention has to be paid to the interpretation of bioassay measurements
after the use of means for blocking the uptake of radionuclides or for enhancing
their excretion, such as the administration of diuretics, laxatives, or blocking or
chelating agents, as well as after the removal of contamination and/or surgical
intervention at a wound site. These techniques influence and modify the biokinetic
behavior of the incorporated radionuclides, thus invalidating the use of the stan-
dardized modeling approach for estimating intake and dose from the bioassay
measurements.

In such cases, alternative approaches have to be employed, such as discarding
data on excretion for excretion samples collected during the period in which excre-
tion rates may be assumed to have been influenced by the treatment or modifying
the standard models in order to take into account the effect of the treatment.
Examples of analyses performed after the administration of the chelating agent
Ca-DTPA (a calcium salt of diethylenetriaminepentaacetic acid) in cases of acci-
dental intakes of actinides can be found in [31–33]. Bioassay measurements for dose
assessment purposes are performed after a certain time period, posttreatment with
Ca-DTPA, until the excretion of the radionuclide stabilizes in urine samples. Influ-
ence of iodine thyroid blocking on biokinetic of iodine in human body is discussed
in [34]. Influence of administration of Prussian blue {Fe4[Fe(CN)6]3} on biokinetic
of Cs is discussed in [35].

The specific protection quantities of committed RBE-weighted organ dose
ADT Δ; gð Þ, committed equivalent organ dose HT τ; gð Þ, and committed effective
dose E τ; gð Þ are used for evaluation of dose in an internal dosimetry:

ADT Δ; gð Þ ffi ∑
S, P

I gð ÞS,P � AdT Δ; gð ÞS,P
n o

, (20)

HT τ; gð Þ ¼ ∑
S, P

I gð ÞS,P � hT τ; gð ÞS,P
n o

, (21)

E τ; gð Þ ¼ ∑
S, P

I gð ÞS,P � e τ; gð ÞS,P
n o

, (22)

Figure 5.
General scheme for assessment of individual internal dose from monitoring.

113

Dosimetry for Use in Preparedness and Response to Radiological and Nuclear Emergency
DOI: http://dx.doi.org/10.5772/intechopen.83370



where AdT Δ; gð ÞS,P and hT τ; gð ÞS,P are respectively the committed RBE-weighted
or equivalent dose in the organ or tissue T due to intake of 1 Bq of radionuclide
substance S through pathway P, by the group of age g. These dose factors are the
time integrals of the relevant dose rates:

AdT Δ; gð ÞS,P ¼
ZΔ

0

_AdT t; gð ÞS,P dt, (23)

hT τ; gð ÞS,P ¼
Zτ

0

_hT t; gð ÞS,P dt, (24)

e τ; gð ÞS,P ¼ ∑
T

hT τ; gð ÞS,P � wT

n o
, (25)

where _AdT t; gð ÞS,P is the RBE-weighted dose rate in organ or tissue T due to

intake of 1 Bq of radionuclide substance S through pathway P and _hT t; gð ÞS,P is the
equivalent dose rate in organ or tissue T due to intake of 1 Bq of radionuclide
substance S through pathway P. For estimation of committed RBE-weighted dose,
Δ is taken to be 30 days. The τ is the integration time elapsed after an intake of
radioactive substances. When τ is not specified, it will be taken to be 50 years for
adults and the time to age 70 years for intakes by children and persons younger
than 20.

Various biokinetic models for calculating the values of m t; gð ÞS,P, AdT Δ; gð ÞS,P
and hT τ; gð ÞS,P have been developed.

Values of m t; gð ÞS,P at selected times for a subset of radionuclides have
been reported by the ICRP in graphical and tabular form [36, 37]. A compilation
of m t; gð ÞS,P by workers in emergency and planned exposure situation is
presented in various publications of the IAEA [29, 38]. The Internet resources
containing the values of m t; gð ÞS,P different radioactive substances are presented
in [39].

Special attention has to be paid to the patterns of inhalation intake in nuclear
emergency. Chemical form of radionuclides in aerosol particles and their behavior
in the human respiratory tract could be very specific [40, 41] and significantly
different from these observed in planned exposure situation and presented in
Table II.2C of GSR Part 3 [5].

A compilation of dose coefficients AdT Δ; gð ÞS,P for intakes of radionuclides by
adults is presented in publications of the IAEA [9, 29].

A compilation of dose coefficients e τ; gð ÞS,P for ingestion and inhalation intakes
of radionuclides by workers is presented in ICRP Publication 119 [42]. A compila-
tion of hT τ; gð ÞS,P and e τ; gð ÞS,P for workers and all age groups of members of the
public can also be found in the ICRP database in [43]. Data for fetus or embryo due
to inhalation or ingestion of radioactive substance by mother are presented in
[44, 45] and for infant in [46, 47]. These dose coefficients are based on the calcula-
tionmethods and parameters given in ICRP Publication 60 [15]. The current published
values of e τ; gð ÞS,P will be superseded in due course by new values [6, 36, 42] based
on updated biokinetic models and on themethods of calculation and the parameters
given in ICRP Publication 103 [8]. A compilation ofm t; gð ÞS,Wond, hT τ; gð ÞS,Wound and
e τ; gð ÞS,Wound for penetration of radioactive substance through wound is presented in
[48, 49].
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4.3 Estimation of protection quantities characterizing a total exposure

The protection quantities E and HT relate to the sum of the effective doses or
equivalent doses, respectively, received from exposure due to external sources
within a given time period and the committed effective doses or committed equiv-
alent doses, respectively, from exposure due to intakes of radionuclides occurring
within the same time period.

The total equivalent dose in organ or tissue T received or committed during a
given time period in individuals from age group g can be estimated from the
operational quantities by using the following equation:

HT gð Þ ffi HP 10ð Þ þHT τ; gð Þ, (26)

where HP 10ð Þ is the personal dose equivalent from external exposure and
HT τ; gð Þ is assessed by Eq. (21).

The total effective dose E received or committed during a given time period in
individuals from age group g can be estimated from the operational quantities by
using the following equation:

E gð Þ ffi HP 10ð Þ þ E τ; gð Þ, (27)

where E τ; gð Þ is assessed by Eq. (22).
In the calculation of the committed dose from specific radionuclides, allowance

may need to be made for the characteristics of the material taken into the body
through inhalation, ingestion, and contaminated wound.

5. Conclusions

To characterize the emergency exposure situation in event of nuclear or radio-
logical emergency, doses to the members of the public, workers, emergency
workers, as well as patients and helpers, if applicable, have to be derived from
source monitoring, environmental monitoring, or individual monitoring, or from a
combination of these. Result of dose assessment needs to be expressed in terms of
protection quantities defined in the IAEA General Safety Requirements (GSR) Part
7 [1] and GSR Part 3 [5]. Dose assessment has to be based on the best available
monitoring data and has to be promptly updated if any new information relevant
for dose assessment becomes available.

The dose assessment has to be as realistic as possible, and in any case, doses for
situations in which persons might be in danger of being harmed are not to be
underestimated. Overestimation also has to be avoided because there are risks
associated with protective actions.
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Chapter 7

Spinal Stereotactic Body 
Radiotherapy (SBRT) Planning 
Techniques
Jina Kim, Yunji Seol, Hong Seok Jang and Young-Nam Kang

Abstract

Stereotactic body radiotherapy (SBRT) delivers a highly conformal and hypo-
fractionated radiation dose to a small target with minimal radiation applied to 
the surrounding areas. The spine is an ideal site for SBRT owing to its relative 
immobility, the potential clinical benefits of high-dose delivery to this area, and 
the presence of adjacent critical structures such as the spinal cord, esophagus, and 
bowel. However, with the potential for radiation myelopathy if the dose is delivered 
inaccurately or if the spinal cord dose limit is set too high, proper treatment plan-
ning techniques for SBRT are important. Intensity modulation techniques are useful 
for spinal SBRT because of a rapid dose falloff and spinal cord avoidance. In this 
chapter, various planning techniques will be discussed and reviewed.

Keywords: SBRT, spine, IMRT, IMAT, tomotherapy, CyberKnife

1. Introduction

Stereotactic body radiotherapy (SBRT) was developed using the concepts of 
stereotactic radiosurgery (SRS). SRS was conceived by neurosurgeons and physi-
cists in Sweden to allow the delivery of radiation to precise targets in the brain while 
minimizing injury to adjacent areas. The procedure delivers a high dose of radiation 
to the target accurately focused using multimodality imaging, such as computed 
tomography (CT), magnetic resonance imaging (MRI), and positron emission 
tomography/CT (PET/CT). The total dose is divided into several smaller doses of 
radiation, administered on separate days of treatment, typically in a single fraction 
or a few fractions. SRS treats tumors by destroying and distorting the DNA of these 
cells, in the same way as other forms of radiotherapy. As a result, these cells lose 
their ability to reproduce and die. Applied to the treatment of body tumors, the 
technique is called SBRT [1–4].

SBRT is also known as stereotactic ablative radiotherapy (SABR). SBRT ablates 
tumors by delivering precise and intensive radiation, guaranteeing minimal normal 
tissue complications. The characteristics of SBRT are summarized as follows: (1) a 
limited number of high dose-per-fraction treatments with a biologically equivalent 
dose (BED) of at least 75–100 as a minimum or even higher; (2) fields only slightly 
larger than gross tumor volume (GTV) with high accuracy even for moving targets, 
including the entire target with margins of 0.5–1.0 cm (i.e., exact delivery to tumor 
targets, sparing normal tissue); (3) dosimetry constructed to be very conformal, 
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with sharp gradients from high- to low-dose areas; and (4) secure patient fixation 
during treatment and accurate duplication of patient position between simulation 
and treatment [2, 5–8].

Because of the high dose in a single fraction or fewer than five fractions, organs 
at risk (OARs) can be greatly affected by slight positional errors. Therefore, 
positional errors should be minimized. The margins of expansion can be reduced 
through the immobilization and control of respiratory motion of patients. Various 
commercial treatment delivery units in conjunction with the immobilization and 
respiratory motion control systems are available for the delivery of SBRT.

SBRT is currently both in use and being investigated for use in treating malig-
nant or benign small- to medium-sized tumors in the body and at common disease 
sites, including the head and neck, lung, liver, abdomen, spine, and prostate. In par-
ticular, up to 70% of patients with malignancies are found to have skeletal involve-
ment on postmortem examination, with the spine being the most common location 
[9]. For the treatment of spinal tumors, an extremely rapid dose falloff between 
the vertebral body and the spinal cord should be achieved [10, 11]. Implementation 
of correct beam-shaping and image-guided techniques has improved SBRT safety 
margins as well as accuracy and efficiency while accurately meeting 3D tumor 
contours. Spinal SBRT demands the highest accuracy in dose placement. In addition 
to patient fixation and multi-image guidance, a sophisticated treatment planning 
system that accurately models highly modulated small field beams is an indispens-
able factor in achieving high accuracy of radiation delivery.

To achieve this high accuracy, appropriate treatment planning technique should 
be used. Therefore, we will discuss various planning techniques for spinal SBRT in 
this chapter.

2. Spinal stereotactic body radiotherapy

2.1 Spine

The spine is a frequent site of metastases from primary cancer of the prostate, 
lung, breast, and kidney. After the lung and liver, the skeletal system is the most 
frequent site of metastases [12, 13], and 30% of all patients with cancer develop 
bone metastases [12, 14, 15]. In particular, bone metastasis occurs in 85% of patients 
with breast, prostate, and bronchial carcinoma [12, 16]. Approximately 50% of 
all bone metastases occur in the spinal cord. Of these, 60–80% are located in the 
thoracic spine, followed by 15–30% in the lumbar spine and less than 10% in the 
cervical spine [12, 13].

If left untreated, spinal metastases can cause axial pain, vertebral body frac-
tures, radiculopathy, and the debilitating complications of metastatic epidural spi-
nal cord compression (MESCC) [9]. The major complications of spinal metastases 
include neurologic dysfunction [12, 17, 18] and potential hypercalcemia, reduced 
activity, and bone fractures, resulting in a reduced quality of life [12, 16].

In general, primary spinal tumors are treated surgically, with the goal of maxi-
mal tumor removal. Numerous important blood vessels and adjacent organs sur-
round the vertebrae. In particular, the spinal cord located in the vertebrae is a part 
of the central nervous system, which includes sensory and motor nerves. Complete 
resection of a tumor while preserving the nerve function of the spinal cord is 
difficult. In addition, vertebral instability due to tumor destruction or complete 
resection of the tumor must be considered, and fusion or fixation is often required 
for stability of the vertebrae. Depending on the malignancy of the tumor or the 
difficulty of complete resection, the patient may be treated with radiotherapy.
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2.2 Radiotherapy for spinal tumors

2.2.1 Conventional method

Traditional radiotherapy methods of treating spinal tumors use large field 
radiation to treat the entire pathological vertebra and to treat one or two vertebral 
bodies, generally above and below the disease. This practice prevents missing the 
tumor owing to the limitations of diagnostic imaging and localization. In addition, 
the irradiation field of this technique is large but safe in the volume of the normal 
tissues irradiated because of the low biological effectiveness.

Large field radiation for spinal metastases has been the standard approach with 
outcomes of ~30% complete pain response and ~70% any response. The main 
limitation of the dose prescribed by traditional radiation techniques was the spinal 
cord. Overdosing radiation to the spinal cord has the devastating consequence of 
radiation-induced myelopathy that can leave the patient paralyzed. In addition to 
radiation myelopathy, possible toxicities include vertebral compression fractures 
and pain flares. Owing to the limitations of technology to prevent overdosing, clini-
cal trials of high-dose effects on spinal metastasis have not been possible [19].

2.2.2 Stereotactic body radiotherapy

To overcome the limitations of conventional radiotherapy for the spine, 
hypofractionated treatment has been proposed, to deliver a high dose per fraction 
(typically 10–20 Gy/fraction), in contrast to the conventional fractionated treat-
ment (2 Gy/fraction). The cumulative BED is significantly higher than that received 
in conventional treatment. Accurate delivery is of utmost importance owing to the 
high fractional dose and a small number of fractions. The delivery of an ablative 
dose to the target and rapid falloff doses away from the target enables minimization 
of the treatment toxicity to a tolerable level [20, 21]. In addition, there are other 
characteristics that distinguish SBRT from conventional radiotherapy, such as 
the number of beams used for treatment, the frequent use of non-coplanar beam 
arrangements, small or no beam margins on the penumbra, and the use of inho-
mogeneous dose distributions and dose-painting techniques ‘including IMRT’. All 
of these technology improvements result in the highly conformal dose distribution 
that characterizes the SBRT technique [2].

Hypofractionated spinal SBRT has been shown to effectively and rapidly alleviate 
pain and improve neurological function in patients with or without epidural cord 
compression. SBRT allows minimal radiation exposure outside the target; the most 
significant problem associated with this procedure is related to spinal cord dose 
tolerance. Depending on the vertebral level of spinal metastasis, adjacent organs 
should be considered OARs. The tolerance of OARs to radiation from conventional 
fractionated radiotherapy is based on the entire organ or on a considerably large irra-
diated volume. SBRT delivers a highly conformal, hypofractionated radiation dose to 
a small target with minimal exposure of the surrounding areas to radiation [22].

A new radiotherapy technology that allows for intensity-modulated radio-
therapy (IMRT) has emerged with spinal SBRT. IMRT is a technique designed to 
deliver a high biologically effective dose only to tumors within the vertebra for the 
purpose of tumor regression through permanent local control. The technique allows 
radiation beams to avoid the spinal cord, and even though a high dose is delivered to 
tumors, the dose received by the spinal cord is below the toxic threshold dose [23]. 
More details will be discussed in Section 3.

Table 1 lists maximum dose limits to a point or volume within several 
critical organs recommended for SBRT in one fraction (refer to TG-101 for 
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The spine is a frequent site of metastases from primary cancer of the prostate, 
lung, breast, and kidney. After the lung and liver, the skeletal system is the most 
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tissues irradiated because of the low biological effectiveness.

Large field radiation for spinal metastases has been the standard approach with 
outcomes of ~30% complete pain response and ~70% any response. The main 
limitation of the dose prescribed by traditional radiation techniques was the spinal 
cord. Overdosing radiation to the spinal cord has the devastating consequence of 
radiation-induced myelopathy that can leave the patient paralyzed. In addition to 
radiation myelopathy, possible toxicities include vertebral compression fractures 
and pain flares. Owing to the limitations of technology to prevent overdosing, clini-
cal trials of high-dose effects on spinal metastasis have not been possible [19].

2.2.2 Stereotactic body radiotherapy

To overcome the limitations of conventional radiotherapy for the spine, 
hypofractionated treatment has been proposed, to deliver a high dose per fraction 
(typically 10–20 Gy/fraction), in contrast to the conventional fractionated treat-
ment (2 Gy/fraction). The cumulative BED is significantly higher than that received 
in conventional treatment. Accurate delivery is of utmost importance owing to the 
high fractional dose and a small number of fractions. The delivery of an ablative 
dose to the target and rapid falloff doses away from the target enables minimization 
of the treatment toxicity to a tolerable level [20, 21]. In addition, there are other 
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the number of beams used for treatment, the frequent use of non-coplanar beam 
arrangements, small or no beam margins on the penumbra, and the use of inho-
mogeneous dose distributions and dose-painting techniques ‘including IMRT’. All 
of these technology improvements result in the highly conformal dose distribution 
that characterizes the SBRT technique [2].

Hypofractionated spinal SBRT has been shown to effectively and rapidly alleviate 
pain and improve neurological function in patients with or without epidural cord 
compression. SBRT allows minimal radiation exposure outside the target; the most 
significant problem associated with this procedure is related to spinal cord dose 
tolerance. Depending on the vertebral level of spinal metastasis, adjacent organs 
should be considered OARs. The tolerance of OARs to radiation from conventional 
fractionated radiotherapy is based on the entire organ or on a considerably large irra-
diated volume. SBRT delivers a highly conformal, hypofractionated radiation dose to 
a small target with minimal exposure of the surrounding areas to radiation [22].

A new radiotherapy technology that allows for intensity-modulated radio-
therapy (IMRT) has emerged with spinal SBRT. IMRT is a technique designed to 
deliver a high biologically effective dose only to tumors within the vertebra for the 
purpose of tumor regression through permanent local control. The technique allows 
radiation beams to avoid the spinal cord, and even though a high dose is delivered to 
tumors, the dose received by the spinal cord is below the toxic threshold dose [23]. 
More details will be discussed in Section 3.

Table 1 lists maximum dose limits to a point or volume within several 
critical organs recommended for SBRT in one fraction (refer to TG-101 for 
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multiple-fraction dose constraints [2]). The recommended dose constraints are 
shown in max critical volume and the maximum dose to the given volume for each 
organ. These limitations have been determined based on the widely accepted radio-
surgery norms currently in practice. Regardless of these limitations, the participat-
ing centers are encouraged to adhere to the prudent treatment planning principle to 
avoid unnecessary radiation exposure to critical normal structures [24].

Serial tissue Max critical volume Max dose in critical 
volume (Gy)

End point (≥ Grade 3)

Spinal cord <0.035 cc 14 Gy Myelitis

<0.35 cc 10 Gy

<1.2 cc (SBRT only) 7 Gy (SBRT only)

Cauda equina <0.035 cc 16 Gy Neuritis

<5 cc 14 Gy

Sacral plexus <0.035 cc 18 Gy Neuropathy

<5 cc 14.4 Gy

Esophagus* <0.035 cc 16 Gy Stenosis/fistula

<5 cc 11.9 Gy

Ipsilateral brachial 
plexus

<0.035 cc 17.5 Gy Neuropathy

<3 cc 14 Gy

Heart/pericardium <0.035 cc 22 Gy Pericarditis

<15 cc 16 Gy

Great vessels* <0.035 cc 37 Gy Aneurysm

<10 cc 31 Gy

Trachea* and larynx <0.035 cc 20.2 Gy Stenosis/fistula

<4 cc 10.5 Gy

Skin <0.035 cc 26 Gy Ulceration

<10 cc 23 Gy

Stomach <0.035 cc 16 Gy Ulceration/fistula

<10 cc 11.2 Gy

Duodenum* <0.035 cc 16 Gy Ulceration

<5 cc 11.2 Gy

Jejunum/ileum* <0.035 cc 15.4 Gy Enteritis/obstruction

<5 cc 11.9 Gy

Colon* <0.035 cc 18.4 Gy Colitis/fistula

<20 cc 14.3 Gy

Rectum* <0.035 cc 18.4 Gy Proctitis/fistula

<20 cc 14.3 Gy

Renal hilum/vascular 
trunk

<2/3 volume 10.6 Gy Malignant hypertension

Parallel tissue Critical volume (cc) Max dose in critical 
volume (Gy)

End point (≥Grade 3)

Lung (right and left) 1000 cc 7.4 Gy Pneumonitis

Renal cortex (right 
and left)

200 cc 8.4 Gy Basic renal function

*Avoid circumferential irradiation.

Table 1. 
One fraction dose constraints of several critical organs from RTOG 0613 [24].
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2.2.3 SBRT delivery systems

Various commercial treatment delivery units can be used to deliver SBRT 
[1, 5, 7], as shown in Figure 1. They all have the capability of image-guided radio-
therapy, enabling tumor or target localization prior to treatment delivery and allow-
ing treatment setup uncertainty to be significantly reduced. All delivery units, with 
the exception of proton therapy, used as photon-based SBRT, are linear accelerators 
(LINACs). There are several types of image-guidance equipment: 2D imaging types, 
including room-mounted or gantry-mounted orthogonal kilovoltage (kV) radio-
graphs and fluoroscopy, and 3D imaging types including kV or megavoltage (MV) 
cone-beam CT (CBCT) and CT-on-rails in room.

In addition to general LINACs, there are many types of treatment systems. The 
CyberKnife (CK, Accuray Inc., Sunnyvale, CA, USA) unit has a six-axis robotic 
manipulator that enables delivery of the beam to the target from many different 
directions in order to minimize radiation exposure to nearby organs. A pair of 
orthogonally positioned imaging systems enables monitoring of the target motion, 
with automatic correction. CK is a commonly used modality for SBRT owing to 
its highly conformal dose distributions, steep gradient, and near real-time image-
guidance system. The helical tomotherapy (HT, Accuray) unit is a special device 
performing continuous 360° rotations using a binary multi-leaf collimator (MLC), 
with the treatment couch moving continuously during the treatment [1].

Each treatment delivery system has strengths and weaknesses. An appropriate 
treatment delivery system and corresponding optimal planning technique should be 
used for successful and safe treatment.

3. SBRT planning techniques

SBRT is a high-precision radiotherapy technique that utilizes the high doses of 
radiation in a single fraction or a few fractions, as mentioned in the above sections. 
In principle, three-dimensional conformal radiotherapy (3D-CRT) planning can be 
applied to SBRT. When the beams at multiple angles are concentrated at the center 
of small lesions, a high-dose heterogeneity that contributes to a steep dose gradient 

Figure 1. 
Commercial treatment delivery units. From left to right are versa HD (Elekta AB), Radixact (Accuray Inc.), 
and CyberKnife M6 (Accuray Inc.).
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Each treatment delivery system has strengths and weaknesses. An appropriate 
treatment delivery system and corresponding optimal planning technique should be 
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3. SBRT planning techniques

SBRT is a high-precision radiotherapy technique that utilizes the high doses of 
radiation in a single fraction or a few fractions, as mentioned in the above sections. 
In principle, three-dimensional conformal radiotherapy (3D-CRT) planning can be 
applied to SBRT. When the beams at multiple angles are concentrated at the center 
of small lesions, a high-dose heterogeneity that contributes to a steep dose gradient 

Figure 1. 
Commercial treatment delivery units. From left to right are versa HD (Elekta AB), Radixact (Accuray Inc.), 
and CyberKnife M6 (Accuray Inc.).
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at the target edge appears and may be desirable in terms of normal tissue sparing 
and dose escalation to the GTV [1].

To treat a spinal tumor, conventionally fractionated 3D-CRT modifies the 
beam shape to match the projection of target volume at each gantry angle using an 
MLC. The accuracy of the shape of the beam projected onto the target depends on 
the width of leaves. MLC leaf widths of 2.5–10 mm have been reported for use in 
SBRT planning [25, 26].

However, delivery to the target is limited by tolerance of normal tissues, par-
ticularly the spinal cord, so it is necessary to irradiate the target with lower dose. In 
suboptimal cases, several side effects can occur, such as paraplegia, pain, increased 
steroid use, and reduced survival rate.

3.1 Intensity-modulated radiation treatment

The development of IMRT was a major improvement over 3D-CRT for 
SBRT [27]. IMRT allows for the radiation dose to conform more precisely to the 
shape of the tumor by modulating the intensity of the radiation beam and allows 
higher radiation doses to be focused to regions within the tumor, sparing the 
surrounding normal critical structures. In particular, when treating spinal tumors, 
intensity modulation allows production of a concave-shaped dose distribution with 
the exception of the spinal cord.

The IMRT technique uses computerized inverse planning. Conformal radio-
therapy is forward planning and depends on the skills of the treatment planner to 
determine the number, shape, and orientation of the beams. Inverse planning, in 
contrast, specifies the plan outcome in terms of the tumor dose and normal struc-
ture dose limits. The computer system then adjusts the beam intensities to identify a 
configuration best matched to the desired plan [28].

During the procedure, each beam is divided into several beam elements (beamlets) 
of a few millimeters, and the relative weight is optimized so that the desired dose distri-
bution appears. The optimization process involves inverse planning in which beamlet 
weights or intensities are adjusted to satisfy predefined dose criteria for the composite 
plan. When optimization is complete, an optimized fluence map generates a sequence 
of MLC leaves for each beam. The field at one gantry angle is subdivided into a set of 
subfields irradiated at a uniform beam intensity level. The subfields are shaped by the 
MLC, and the intensity-modulated field is obtained by summing several subfields.

The two most common methods of IMRT delivery are segmental (step-and-
shoot) and dynamic (sliding window). The difference between the two is the 
motion of MLC at a given gantry angle. In segmental MLC delivery, the beam is 
turned off while the leaves move until the next subfield is prepared. The advantage 
of the segmental MLC method is that it is easy to plan and no additional dose can 
occur while the MLC is moving to create the next subfield. On the other hand, the 
dose delivery is slow owing to the delay in turning the beam on and off, resulting 
in an increase in treatment time. In the dynamic MLC delivery, the MLC leaves are 
moving during irradiation. Each pair of leaves sweeps across target volumes under 
computer control. Dynamic MLC delivery offers better dose homogeneity for target 
volume and shorter treatment time in comparison to the segmental MLC; however, 
the larger total irradiated dose is a disadvantage.

Compared to 3D-CRT, the dose distribution can be made even more sophisti-
cated because target coverage and avoidance of critical structures located adjacent 
to the target volume are better. The more sophisticated implementation of SBRT has 
become possible with the IMRT technique. The technique mentioned in this section 
(Section 3.1) was the IMRT technique with a fixed gantry, and IMRT with a rotating 
gantry will be discussed in the following section (Section 3.2).
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3.2 Intensity-modulated arc therapy

Intensity-modulated arc therapy (IMAT) is a combined technique of IMRT 
and rotational treatment. When performed for a C-shaped target with a sensitive 
structure in the concavity of the “C,” like a spinal tumor, the rotational treatment 
has a dosimetric advantage. The result of simulation that supports this is that when 
all the planning parameters except the beam angle number are constant, the dose 
becomes more homogeneous in the tumor and decreased in the critical structures as 
the number of angles increased [29].

IMAT uses rotational cone beams of varying aperture shapes and varying dose 
weightings to achieve intensity modulation. However, the speed of rotation  cannot 
have frequent and drastic variations owing to the weight of the LINAC gantry; 
therefore, the variations in dose weighting are primarily achieved through varying 
the machine dose weight. MLC moves dynamically to shape each subfield while 
the gantry is rotating and the beam is on continuously [30]. Arcs are approximated 
as multiple-shaped fields in a regular angular interval. One subfield is delivered at 
each arc. The next new arc is started to deliver the next subfield and so on until all 
the planned arcs and their subfields have been delivered. That is, overlapping arcs 
create intensity modulation.

To create more effective treatment plans, various techniques have been purposed 
within IMAT. Volumetric-modulated arc therapy (VMAT) and modulated arc 
therapy (mARC) are examples of such techniques. VMAT is a single or multi-arc 
form of IMRT technique that changes the dose rate and gantry speed while the gan-
try is rotating. Currently there are several VMAT systems available under various 
names (RapidArc, Varian Medical Systems, Palo Alto, CA, USA; SmartArc, Philips 
Radiation Oncology Systems, Fitchburg, WI, USA; and Elekta VMAT, Elekta, 
Stockholm, Sweden) [31]. The mARC technique as an alternative to VMAT is a 
rotational IMRT irradiation with burst mode delivery. Both the dose rate and gantry 
speed are modulated to allow for delivery of the correct dose per IMRT segment, 
and an MLC velocity servo is required to continuously adjust the leaf velocity to 
facilitate accurate, and timely, leaf positioning [32].

The technique is similar to HT, which is an IMRT technique that rotates in a 
helical form and will be discussed in Section 3.3. As compared with HT, IMAT has 
certain advantages: (1) IMAT eliminates the need for transferring the patient during 
treatment and avoids abutment issues as seen with serial HT, (2) IMAT retains 
the ability to use non-coplanar beams and arcs, and (3) IMAT uses a conventional 
LINAC; thus, complex rotational IMRT treatments and simple palliative treatments 
can be delivered with the same treatment unit [30].

The main advantages of rotational therapy compared to fixed-gantry IMRT 
are improved conformity of the dose distribution in the high-dose regions, as well 
as possible reduction of the treatment time. The short treatment time can lead to 
improved patient comfort and reduce the risk of movement. Moreover, shorter 
treatment times can be biologically beneficial. Radiation survival is not only a 
function of the total dose delivered but also depends on the duration of radiation 
delivery [33, 34]. IMAT offers the efficient use of monitor units (MUs). The number 
of MUs per treatment is correlated with the amount of scatter dose and leakage 
radiation, which could be important in view of the induction of secondary malig-
nancies [35]. The decrease in MUs achieved with IMAT partly addresses this issue, 
which is one of the major concerns with IMRT [36].

However, the complex nature of IMAT planning has been one of the primary barriers 
to routine clinical implementation. From one angle to the next in each VMAT arc, leaf 
motion between adjacent angles is limited by leaf travel speed and gantry rotation speed. 
Therefore, the technique has disadvantages such as difficulty and complexity of planning.
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suboptimal cases, several side effects can occur, such as paraplegia, pain, increased 
steroid use, and reduced survival rate.
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The development of IMRT was a major improvement over 3D-CRT for 
SBRT [27]. IMRT allows for the radiation dose to conform more precisely to the 
shape of the tumor by modulating the intensity of the radiation beam and allows 
higher radiation doses to be focused to regions within the tumor, sparing the 
surrounding normal critical structures. In particular, when treating spinal tumors, 
intensity modulation allows production of a concave-shaped dose distribution with 
the exception of the spinal cord.

The IMRT technique uses computerized inverse planning. Conformal radio-
therapy is forward planning and depends on the skills of the treatment planner to 
determine the number, shape, and orientation of the beams. Inverse planning, in 
contrast, specifies the plan outcome in terms of the tumor dose and normal struc-
ture dose limits. The computer system then adjusts the beam intensities to identify a 
configuration best matched to the desired plan [28].

During the procedure, each beam is divided into several beam elements (beamlets) 
of a few millimeters, and the relative weight is optimized so that the desired dose distri-
bution appears. The optimization process involves inverse planning in which beamlet 
weights or intensities are adjusted to satisfy predefined dose criteria for the composite 
plan. When optimization is complete, an optimized fluence map generates a sequence 
of MLC leaves for each beam. The field at one gantry angle is subdivided into a set of 
subfields irradiated at a uniform beam intensity level. The subfields are shaped by the 
MLC, and the intensity-modulated field is obtained by summing several subfields.

The two most common methods of IMRT delivery are segmental (step-and-
shoot) and dynamic (sliding window). The difference between the two is the 
motion of MLC at a given gantry angle. In segmental MLC delivery, the beam is 
turned off while the leaves move until the next subfield is prepared. The advantage 
of the segmental MLC method is that it is easy to plan and no additional dose can 
occur while the MLC is moving to create the next subfield. On the other hand, the 
dose delivery is slow owing to the delay in turning the beam on and off, resulting 
in an increase in treatment time. In the dynamic MLC delivery, the MLC leaves are 
moving during irradiation. Each pair of leaves sweeps across target volumes under 
computer control. Dynamic MLC delivery offers better dose homogeneity for target 
volume and shorter treatment time in comparison to the segmental MLC; however, 
the larger total irradiated dose is a disadvantage.

Compared to 3D-CRT, the dose distribution can be made even more sophisti-
cated because target coverage and avoidance of critical structures located adjacent 
to the target volume are better. The more sophisticated implementation of SBRT has 
become possible with the IMRT technique. The technique mentioned in this section 
(Section 3.1) was the IMRT technique with a fixed gantry, and IMRT with a rotating 
gantry will be discussed in the following section (Section 3.2).
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Intensity-modulated arc therapy (IMAT) is a combined technique of IMRT 
and rotational treatment. When performed for a C-shaped target with a sensitive 
structure in the concavity of the “C,” like a spinal tumor, the rotational treatment 
has a dosimetric advantage. The result of simulation that supports this is that when 
all the planning parameters except the beam angle number are constant, the dose 
becomes more homogeneous in the tumor and decreased in the critical structures as 
the number of angles increased [29].

IMAT uses rotational cone beams of varying aperture shapes and varying dose 
weightings to achieve intensity modulation. However, the speed of rotation  cannot 
have frequent and drastic variations owing to the weight of the LINAC gantry; 
therefore, the variations in dose weighting are primarily achieved through varying 
the machine dose weight. MLC moves dynamically to shape each subfield while 
the gantry is rotating and the beam is on continuously [30]. Arcs are approximated 
as multiple-shaped fields in a regular angular interval. One subfield is delivered at 
each arc. The next new arc is started to deliver the next subfield and so on until all 
the planned arcs and their subfields have been delivered. That is, overlapping arcs 
create intensity modulation.

To create more effective treatment plans, various techniques have been purposed 
within IMAT. Volumetric-modulated arc therapy (VMAT) and modulated arc 
therapy (mARC) are examples of such techniques. VMAT is a single or multi-arc 
form of IMRT technique that changes the dose rate and gantry speed while the gan-
try is rotating. Currently there are several VMAT systems available under various 
names (RapidArc, Varian Medical Systems, Palo Alto, CA, USA; SmartArc, Philips 
Radiation Oncology Systems, Fitchburg, WI, USA; and Elekta VMAT, Elekta, 
Stockholm, Sweden) [31]. The mARC technique as an alternative to VMAT is a 
rotational IMRT irradiation with burst mode delivery. Both the dose rate and gantry 
speed are modulated to allow for delivery of the correct dose per IMRT segment, 
and an MLC velocity servo is required to continuously adjust the leaf velocity to 
facilitate accurate, and timely, leaf positioning [32].

The technique is similar to HT, which is an IMRT technique that rotates in a 
helical form and will be discussed in Section 3.3. As compared with HT, IMAT has 
certain advantages: (1) IMAT eliminates the need for transferring the patient during 
treatment and avoids abutment issues as seen with serial HT, (2) IMAT retains 
the ability to use non-coplanar beams and arcs, and (3) IMAT uses a conventional 
LINAC; thus, complex rotational IMRT treatments and simple palliative treatments 
can be delivered with the same treatment unit [30].

The main advantages of rotational therapy compared to fixed-gantry IMRT 
are improved conformity of the dose distribution in the high-dose regions, as well 
as possible reduction of the treatment time. The short treatment time can lead to 
improved patient comfort and reduce the risk of movement. Moreover, shorter 
treatment times can be biologically beneficial. Radiation survival is not only a 
function of the total dose delivered but also depends on the duration of radiation 
delivery [33, 34]. IMAT offers the efficient use of monitor units (MUs). The number 
of MUs per treatment is correlated with the amount of scatter dose and leakage 
radiation, which could be important in view of the induction of secondary malig-
nancies [35]. The decrease in MUs achieved with IMAT partly addresses this issue, 
which is one of the major concerns with IMRT [36].

However, the complex nature of IMAT planning has been one of the primary barriers 
to routine clinical implementation. From one angle to the next in each VMAT arc, leaf 
motion between adjacent angles is limited by leaf travel speed and gantry rotation speed. 
Therefore, the technique has disadvantages such as difficulty and complexity of planning.
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3.3 Helical tomotherapy

HT is a radiotherapy modality that combines helical CT scanning with an 
MV linear accelerator. A 6 MV LINAC rotates on a ring gantry at a source-axis 
distance (SAD) of 85 cm, and the beam passes through a primary collimator into 
a fan-beam shape. During treatment, the ring gantry continuously rotates, while 
the couch is continuously translated through the rotating beam plane. The dose is 
thus delivered in a helical fashion. The ring gantry also contains a detector system 
that is mounted opposite the accelerator and is used to collect data for megavolt-
age CT (MVCT) acquisition. A beam stopper is used to reduce room-shielding 
 requirements [37].

The MVCT in HT is used as a tool to enhance image-guided daily treatment 
setup and positioning of the patient. Because SBRT usually requires a longer 
treatment period owing to the use of high-dose hypofraction, the patient must be 
fixed in place to limit the patient’s movement during treatment. However, patients 
with vertebral metastases, in particular, often move involuntarily during treatment 
owing to back pain that cannot be controlled. Therefore, it is important to ensure 
the accuracy of high-dose delivery and to avoid side effects of OARs on intrafrac-
tional movement. A daily MVCT image scan is generated prior to treatment to 
ensure accurate delivery of each treatment according to the patient’s anatomy on a 
particular day. This MVCT is integrated with the kilovoltage CT (kVCT) imaging 
plan to provide a reference for patient setup and positioning [38].

The fan-beam has an extension of 40 cm in the lateral direction and smaller or 
equal to 5 cm (typically 1.0, 2.5, and 5.0 cm) in the longitudinal direction at the 
isocenter. With the use of a compressed air-driven multi-leaf (64 leaves) binary 
collimator (MLC), radiation beams are shaped, and their intensities are modulated. 
The leaves are mounted on two opposite blocks, and each individual leaf is driven 
from open to closed state. The intensity modulation is achieved by controlling the 
length of time each leaf is open. Each leaf has a width of 6.25 mm (40 cm divided by 
64 leaves) and rapid transitioning (about 20 ms); thus it can produce a sufficiently 
accurate shape even within a short rotation period. Therefore, HT offers a very 
useful treatment modality of spinal SBRT by implementing image-guided radiation 
therapy (IGRT) and IMRT techniques.

For the treatment planning of each rotation, a rotation is divided into 51 projec-
tions (360°/7° = 51). For each projection, each MLC leaf has a unique opening time 
as shown in Figure 2 [39]. Unlike the usual LINAC radiotherapy, there are addi-
tional parameters: slice width, pitch factor, and modulation factor. These param-
eters influence both treatment time and quality of the treatment plan.

Slice width (or field width) is the longitudinal extent (i.e., in the y-direction) of 
the treatment field. For planning purposes, a nominal 1.0, 2.5, or 5.0 cm is selected. 
Pitch is defined as distance traveled by the couch per gantry rotation, divided by the 
slice width. With a lower pitch value, there is greater overlap between spirals. This 
factor influences the treatment time. Modulation factor is defined as the maximum 
leaf opening time divided by the average opening time of all leaves. This value 
can range from 1.0 to 10 (typically using from 1.5 to 3.5). For a complex treatment 
requiring a lot of MLC motion, a high modulation factor is selected.

One of the most important differences between the HT system and other 
radiotherapy systems is that the HT system does not have a flattening filter. The 
main advantages of an absent flattening filter are an increased dose rate, reduced 
scatter, reduced leakage, and reduced out-of-field doses [40, 41]. The main reason 
for allowing the nonuniform profile is that HT is a dedicated IMRT system, without 
the need for a flat dose profile. If it is still desired, the MLC can be used to modulate 
the treatment field to produce a flat dose distribution [42].
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In treating spinal tumors, the major requirement is minimization of the dose to 
the spinal cord. The dose gradient should be increased to improve the conformity 
while allowing increased heterogeneity in the tumor volume coverage. In addition, 
the slice width and pitch parameters are considered to increase cord avoidance and 
target coverage.

3.4 CyberKnife

CK is one of the representative delivery units of SBRT. As mentioned briefly in 
the above section, CK has uniquely different features compared with the common 
medical LINACs. The compact LINAC mounted on a computer-controlled six-axis 
robotic manipulator delivers radiation beams anywhere in the body with submil-
limeter accuracy. The integrated orthogonally positioned kV X-ray imaging system 
is utilized to monitor the patient position throughout the course of radiotherapy. 
Patients are positioned automatically or manually by a therapist by matching 
fiducial markers or bony anatomy from X-ray images to digital reconstructed 
radiographs generated by CT simulation [43].

The robotic manipulator with six degrees of freedom can deliver the beam 
anywhere in space. Accordingly, the beam position and orientation can be adjusted 
by the robot to accommodate changes in target position and orientation during 
treatment without the need to move the patient.

The beam field size is controlled through various collimation types: 12 fixed cone 
collimators or an Iris variable collimator (Accuray) consisting of 12 tungsten leaves 
that produce beam diameters ranging from 5 to 60 mm (defined at 800 mm distance 
from the X-ray source) [44]. Furthermore, to compensate for the limit caused by the 
fixed field size, an MLC has recently been introduced for the CK [45]. The new MLC 
system consists of 41 leaf pairs, each with a width of 2.5 mm. The maximum field 
size is 12 × 10.25 cm. This new system allows the fields to be shaped matching the 
tumor shape and allows reduction of treatment time. In particular, using the MLC 
offers a dosimetric advantage for targets near OARs, as shown in Figure 3 [46].

The unit delivers multiple isocentric or non-isocentric photon beams to a desired 
target from many different angles through a robotic arm, as well as optic image 
guidance for motion management. The isocentric treatment planning is similar to 

Figure 2. 
Illustration of the helical tomotherapy delivery. Copyright © Journal of Medical Physics.
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64 leaves) and rapid transitioning (about 20 ms); thus it can produce a sufficiently 
accurate shape even within a short rotation period. Therefore, HT offers a very 
useful treatment modality of spinal SBRT by implementing image-guided radiation 
therapy (IGRT) and IMRT techniques.
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tions (360°/7° = 51). For each projection, each MLC leaf has a unique opening time 
as shown in Figure 2 [39]. Unlike the usual LINAC radiotherapy, there are addi-
tional parameters: slice width, pitch factor, and modulation factor. These param-
eters influence both treatment time and quality of the treatment plan.

Slice width (or field width) is the longitudinal extent (i.e., in the y-direction) of 
the treatment field. For planning purposes, a nominal 1.0, 2.5, or 5.0 cm is selected. 
Pitch is defined as distance traveled by the couch per gantry rotation, divided by the 
slice width. With a lower pitch value, there is greater overlap between spirals. This 
factor influences the treatment time. Modulation factor is defined as the maximum 
leaf opening time divided by the average opening time of all leaves. This value 
can range from 1.0 to 10 (typically using from 1.5 to 3.5). For a complex treatment 
requiring a lot of MLC motion, a high modulation factor is selected.

One of the most important differences between the HT system and other 
radiotherapy systems is that the HT system does not have a flattening filter. The 
main advantages of an absent flattening filter are an increased dose rate, reduced 
scatter, reduced leakage, and reduced out-of-field doses [40, 41]. The main reason 
for allowing the nonuniform profile is that HT is a dedicated IMRT system, without 
the need for a flat dose profile. If it is still desired, the MLC can be used to modulate 
the treatment field to produce a flat dose distribution [42].
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In treating spinal tumors, the major requirement is minimization of the dose to 
the spinal cord. The dose gradient should be increased to improve the conformity 
while allowing increased heterogeneity in the tumor volume coverage. In addition, 
the slice width and pitch parameters are considered to increase cord avoidance and 
target coverage.

3.4 CyberKnife

CK is one of the representative delivery units of SBRT. As mentioned briefly in 
the above section, CK has uniquely different features compared with the common 
medical LINACs. The compact LINAC mounted on a computer-controlled six-axis 
robotic manipulator delivers radiation beams anywhere in the body with submil-
limeter accuracy. The integrated orthogonally positioned kV X-ray imaging system 
is utilized to monitor the patient position throughout the course of radiotherapy. 
Patients are positioned automatically or manually by a therapist by matching 
fiducial markers or bony anatomy from X-ray images to digital reconstructed 
radiographs generated by CT simulation [43].

The robotic manipulator with six degrees of freedom can deliver the beam 
anywhere in space. Accordingly, the beam position and orientation can be adjusted 
by the robot to accommodate changes in target position and orientation during 
treatment without the need to move the patient.

The beam field size is controlled through various collimation types: 12 fixed cone 
collimators or an Iris variable collimator (Accuray) consisting of 12 tungsten leaves 
that produce beam diameters ranging from 5 to 60 mm (defined at 800 mm distance 
from the X-ray source) [44]. Furthermore, to compensate for the limit caused by the 
fixed field size, an MLC has recently been introduced for the CK [45]. The new MLC 
system consists of 41 leaf pairs, each with a width of 2.5 mm. The maximum field 
size is 12 × 10.25 cm. This new system allows the fields to be shaped matching the 
tumor shape and allows reduction of treatment time. In particular, using the MLC 
offers a dosimetric advantage for targets near OARs, as shown in Figure 3 [46].

The unit delivers multiple isocentric or non-isocentric photon beams to a desired 
target from many different angles through a robotic arm, as well as optic image 
guidance for motion management. The isocentric treatment planning is similar to 

Figure 2. 
Illustration of the helical tomotherapy delivery. Copyright © Journal of Medical Physics.
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that of the Gammaknife (Elekta) and conventional LINACs, which have a fixed 
mechanical center of the gantry and collimator. The location of the isocenter is not 
limited, providing a great advantage over many other delivery units. However, this 
advantage can be overcome by using inverse planning; the final target dose distribu-
tions can be manipulated to a certain level by modifying the order of the targets as 
well as the contours and dose limits assigned to the target and critical organs.

In non-isocentric treatment planning, radiation beams are delivered to a specific 
portion of the tumor without couch repositioning. This technique makes the high-
dose isodose lines match the target shape and avoid nearby critical organs. Therefore, 
non-isocentric planning is very useful for treatment of irregularly shaped targets. 
CK, which is available with both plans, is advantageous for combining the rapid dose 
falloff of isocentric plans with the dose conformity of non-isocentric plans [1].

3.5 Planning considerations

In spinal SBRT, the target volume includes the involved vertebral body and 
both left and right pedicles and the grossly visible tumor, if a paraspinal or epi-
dural lesion is present. The target volume is generally delineated with no margin. 
However, depending on the treatment system, a beam aperture margin of 2–3 mm 
beyond the target volume is allowed to ensure adequate dose coverage of the target. 
This margin can be reduced to 0–1 mm in the area of the spinal cord to meet spinal 
cord dose constraints. The target volume may be selected at the discretion of the 
treating radiation oncologist based on the extent of tumor involvement. In any cir-
cumstance in which there is an epidural or paraspinal soft tissue tumor component, 
the visible epidural or paraspinal tumors are included in the target volume [24].

Normal tissue contouring is required starting at 10 cm above the target volume 
to 10 cm below the target. The treatment plan should be established according to the 
recommended maximum dose limit for several critical organs, as shown in Table 1. 

Figure 3. 
Dose-volume parameters in circular collimator and multi-leaf collimator (MLC) plans for 1–7 cm brain target 
volumes. (White bars indicate multi-leaf collimator (MLC) and gray indicate circular collimator.) Copyright 
© 2017, Oxford University Press.
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Among the dose-limiting critical OARs, the spinal cord is a key concern. Because 
of the nature of radiosurgery with a rapid dose falloff, there is a radiation dose 
gradient within the diameter of the spinal cord. Therefore, a partial spinal cord 
volume defined as from 5 to 6 mm above to 5–6 mm below the target volume is used. 
The partial or absolute volume spinal cord constraints are applied to each treated 
spine level when the patient has multiple spine levels treated. Any spinal cord dose 
exceeding this constraint is not acceptable and is a major deviation [24].

Successful treatment planning requires 90% coverage of the target volume by 
the prescribed dose. Typically, the 80–90% isodose line is used as the prescription 
line, although the prescription isodose line may be different depending on the 
delivery system. Coverage of <90% of the target volume is an acceptable variation, 
and any coverage of <80% of the target volume is an unacceptable deviation. The 
treatment plan is acceptable as long as ≥90% of the target volume receives the 
prescribed dose. It should be noted, however, that owing to the irregular shape of 
the target volume and the location of the spinal cord, hot spots may be created in 
the immediate vicinity outside of the target volume [24].

Because of the characteristics of the spinal SBRT, in the case of a beam with a 
small size, the higher the beam energy, the larger the beam penumbra as a result 
of lateral electron transport in the medium. The commonly available 5 mm MLC 
leaf width has been found to be adequate for most applications, with negligible 
improvements using the 3 mm leaf width MLC for all but the smallest lesions 
(<3 cm in diameter). A 6 MV photon beam, available on most modern treatment 
machines, provides a reasonable compromise between the beam penetration and 
penumbra characteristics. Additionally, beam arrays should be placed mostly in the 
posterior direction to avoid entrance of the radiation beam through the lungs. In the 
case of arc rotation techniques, every effort should be used to limit the passage of 
radiation through the lungs [2].

4. Comparison of plan result

In Section 3, several spinal SBRT planning techniques were discussed. Because 
the planning technique should be selected depending on the patient’s condition 
or situation, numerous studies have been performed to compare various planning 
techniques for treating spinal tumors. To evaluate the results of each plan for spinal 
SBRT, the following quantitative parameters were used [22, 47–50].

• Conformity index (CI): a measure of the dose coverage to the planned target 
volume (PTV).

• Dice similarity coefficient (DSC): a spatial overlap index and a reproducibility 
validation metric [51].

• Homogeneity index (HI): a measure of uniformity of the dose within the target 
volume.

• PTV coverage: 100% of the PTV receiving the prescribed dose [52].

• Spinal cord dose: maximum dose to the spinal cord.

• High-dose spillage: The cumulative volume of all tissue outside the PTV receiv-
ing a dose >105% of prescription dose should be no more than 15% of the PTV 
volume [53].
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that of the Gammaknife (Elekta) and conventional LINACs, which have a fixed 
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CK, which is available with both plans, is advantageous for combining the rapid dose 
falloff of isocentric plans with the dose conformity of non-isocentric plans [1].

3.5 Planning considerations

In spinal SBRT, the target volume includes the involved vertebral body and 
both left and right pedicles and the grossly visible tumor, if a paraspinal or epi-
dural lesion is present. The target volume is generally delineated with no margin. 
However, depending on the treatment system, a beam aperture margin of 2–3 mm 
beyond the target volume is allowed to ensure adequate dose coverage of the target. 
This margin can be reduced to 0–1 mm in the area of the spinal cord to meet spinal 
cord dose constraints. The target volume may be selected at the discretion of the 
treating radiation oncologist based on the extent of tumor involvement. In any cir-
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recommended maximum dose limit for several critical organs, as shown in Table 1. 

Figure 3. 
Dose-volume parameters in circular collimator and multi-leaf collimator (MLC) plans for 1–7 cm brain target 
volumes. (White bars indicate multi-leaf collimator (MLC) and gray indicate circular collimator.) Copyright 
© 2017, Oxford University Press.
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• Intermediate-dose spillage (R50% and D2cm): the falloff gradient located 
outside of the PTV.

R50%: volume that received 50% of the prescribed dose/PTV volume

D2cm: maximum dose in terms of the percentage of the prescribed dose at 2 cm 
beyond the PTV in any direction

• Equivalent uniform dose (EUD): the absorbed dose that, if homogeneously 
delivered to a tumor, causes the same expected number of clonogens to survive 
as does the actual nonhomogeneous absorbed dose distribution.

• Biological effective dose (BED): the dose producing equivalent biological effect 
regardless of dose uniformity or fractionations.

• Gamma index: the standard method for planar dose verification in IMRT 
QA; calculates the quantity γ for each point of interest using preselected dose 
difference (DD) and distance to agreement (DTA) criteria and then uses the γ 
value to determine the outcome (pass-fail) of the IMRT QA [53].

In addition, plans were evaluated by the treatment delivery time (beam irradi-
ated time) or the target point dose for the phantom measured in the ion chamber.

Zach et al. compared VMAT to static beam IMRT for spinal SBRT. The plans 
were compared for conformity, homogeneity, treatment delivery time, spinal 
cord dose, and Dmax of the spinal cord and V 10 Gy, which is the volume of the 
spinal cord exposed to at least 10 Gy. The authors also compared the monitor units 
required in each plan to compute the net irradiated time.

All evaluated parameters were shown to favor the VMAT plans over the IMRT 
plans. Dmin for PTV in the IMRT was significantly lower than that in the VMAT 
plan. The DSC and treatment time were found to be significantly better for the 
VMAT plans than for the IMRT plans. A reduction of almost 50% in the net treat-
ment time was calculated. The authors reported that VMAT provides better con-
formity, homogeneity, and spinal cord dose. They also suggested that the shorter 
treatment time is a major advantage and not only provides convenience for patients 
experiencing pain but also contributes to the precision of this high-dose radio-
therapy [47].

In another study, Choi et al. compared the treatment planning performance 
of RapidArc (i.e., VMAT) and CK for spinal SBRT. The optimized dose priorities 
for both plans were similar for all patients. The highest priority was to provide 
sufficient dose coverage to the PTV while limiting the maximum dose to the 
spinal cord. Plan quality was evaluated with respect to PTV coverage, CI, high-
dose spillage, intermediate-dose spillage, and maximum dose to the spinal cord, 
which are criteria recommended by the RTOG 0631 spine and 0915 lung SBRT 
protocols.

The mean CI ± standard deviation (SD) values of the PTV were 1.11 ± 0.03 and 
1.17 ± 0.10 for RapidArc and CK, respectively. On average, the maximum dose 
delivered to the spinal cord in CK plans was approximately 11.6% higher than that 
in RapidArc plans. High-dose spillages were 0.86 and 2.26% for RapidArc and 
CK, respectively. Intermediate-dose spillage characterized by D2cm was lower for 
RapidArc than for CK; however, R50% was not statistically different between the 
plans. Although both systems can create highly conformal volumetric dose distri-
butions, the study of Choi et al. shows that RapidArc was associated with lower 
high- and intermediate-dose spillages than was CK. The authors also suggested that 
RapidArc plans for spinal SBRT may be superior to CK plans [48].
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Sahgal et al. compared the treatment planning quality of the CK and Novalis 
(BrainLAB AG, Heimstetten, Germany) systems for vertebral body SBRT. Physical 
parameters and biological modeling parameters such as PTV dose coverage, dose 
conformity, EUD, integral BED, and a generalized BED were used to compare the 
treatment plans.

In the study, both the CK and Novalis treatment plans fulfilled the specified 
requirements with comparable PTV dose coverage and dose conformity. For the 
target volume, CK plans produced significantly higher values of all calculated 
parameters to the PTV. For OARs, CK plans produced a somewhat lower dose to 
small volumes (0.1–1 cm3) of the spinal cord and esophagus but exposed larger 
volumes of these structures to a low dose as compared to the Novalis plans.

The authors reported that restricting the dose to a small volume of the spinal 
cord and esophagus resulted in a modest decrease in the dose to 1 cm3 volume of 
these structures for CK planning but at the expense of a larger volume of these 
structures exposed to low-dose levels [49].

In another study, Kim et al. compared the planning characteristics for hypo-
fractionated spinal SBRT administered using three treatment techniques (IMRT, 
mARC, and HT). The factors evaluated for spinal SBRT planning were dose cover-
age, cord avoidance, target conformity, homogeneity, and dose spillage.

Target dose coverage was 82.74 ± 3.35, 80.92 ± 0.81, and 85.01 ± 7.27% for IMRT, 
mARC, and HT, respectively. The authors reported that HT was therefore a power-
ful technique with respect to target coverage. The spinal cord dose for HT (mean, 
1763.96 cGy; SD, 164.48) was significantly different from those for mARC (mean, 
1991.75 cGy; SD, 248.00) and IMRT (mean, 2053.24 cGy; SD, 164.48). In addi-
tion, the partial spinal cord volume at 2000 cGy for HT (mean, 0.12 cc; SD, 0.01) 
was significantly different from those for IMRT and mARC (0.50 ± 0.10 cc and 
0.56 ± 0.25 cc, respectively). The CIs were 1.30 ± 0.12, 1.08 ± 0.05, and 1.36 ± 0.23 
for IMRT, mARC, and HT planning, respectively. mARC showed the highest con-
formity. Regarding HI, HT (mean, 1763.96 cGy; SD, 164.48) differed statistically 
from both mARC (mean, 1991.75 cGy; SD, 248.00) and IMRT (mean, 2053.24 cGy; 
SD, 164.48) with respect to the spinal cord dose.

HT used a narrow field fan-beam and exhibited remarkable improvement of 
target coverage and cord dose, offering an important benefit to spinal SBRT. mARC 
had the highest target conformity and showed more favorable high- and interme-
diate-dose spillage than did HT and IMRT. These three planning techniques have 
different advantages. The authors suggested utilizing different planning techniques 
according to the cases. In the case of spinal SBRT, HT should be used for cord 
avoidance. In some cases, such as for a short treatment duration when the patient is 
considered to be in poor general condition, mARC can be used [22].

Gallo et al. performed end-to-end (E2E) testing for a set of representative spinal 
targets planned and delivered using four different treatment planning systems and 
delivery systems, specifically HT, Vero, TrueBeam with flattening filter free (FFF) 
and flattened, and CK, to evaluate the various capabilities of each. An anthropo-
morphic E2E SBRT phantom was simulated and treated on each system to evaluate 
agreement between measured and planned doses. The phantom accepted 0.007 cm3 
ion chambers in the thoracic region and radiochromic film in the lumbar region.

Ion chamber measurements in the thoracic targets resulted in an overall average 
difference of 1.5% with planned doses. Specifically, measurements agreed with 
the treatment planning system to within 2.2, 3.2, 1.4, 3.1, and 3.0% for all three 
measureable cases on HT, Vero, TrueBeam (FFF), TrueBeam (flattened), and 
CK, respectively. Film measurements for the lumbar targets resulted in average 
global gamma index passing rates of 100 at 3%/3 mm, 96.9 at 2%/2 mm, and 61.8 
at 1%/1 mm, with a 10% minimum threshold for all plans on all platforms. Local 
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gamma analysis was also performed with similar results. While gamma passing 
rates were consistently accurate across all platforms through 2%/2 mm, treatment 
beam-on delivery times varied greatly among the platforms, with TrueBeam (FFF) 
the shortest, averaging 4.4 min, TrueBeam using flattened beam at 9.5 min, HT at 
30.5 min, Vero at 19 min, and CK at 46.0 min.

In the study, despite the complexity of the representative targets and their 
proximity to the spinal cord, all treatment platforms were able to create plans that 
meet all RTOG 0631 dose constraints and produced exceptional agreement between 
calculated and measured doses. However, there were differences in the plan charac-
teristics and significant differences in the beam-on delivery time between plat-
forms. Thus, the authors stated that clinical judgment is required in each particular 
case to determine the most appropriate treatment planning/delivery platform [50].

5. Conclusion

This chapter has described various planning techniques for spinal SBRT and 
summarized the studies comparing these techniques. The spine is a frequent site of 
tumor metastasis, but there are many important vessels and adjacent organs in the 
vicinity of the vertebrae. In particular, the spinal cord within the spine is part of the 
central nervous system. Radiotherapy is performed depending on the malignancy 
of the tumor or the difficulty of complete resection, considering potential spinal 
instability caused by the tumor destruction or complete resection. However, the 
major limitation of traditional radiotherapy is the tolerance dose of the spinal cord. 
If the spinal cord is irradiated with an overdose, toxicities such as radiation-induced 
myelopathy, vertebral compression fracture, or pain flare may occur. To over-
come the limitation of conventional radiotherapy, SBRT has been proposed. The 
technique of SBRT delivers a higher BED, within the range of what is considered 
locally curative. A conformal high-dose beam in a few fractions should be used, 
and an intensity modulation technique is required for the sparing of normal organs 
surrounding the spinal lesion. Various planning technologies based on intensity 
modulation technology are available, including IMRT with fixed gantry, IMAT, HT, 
and CK. Different planning techniques have their distinct features and advantages. 
Therefore, it is important to use appropriate treatment planning depending on the 
patient’s condition and situation.
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Chapter 8

Monitoring of Natural
Radioactivity in Drinking Water
and Food with Emphasis on
Alpha-Emitting Radionuclides
Markus Zehringer

Abstract

Alpha spectrometry is an indispensable technique in the radiology lab for the
analysis of natural radionuclides. While the powerful ICP/MS is used more and
more for the analysis of uranium and thorium, other radionuclides, such as 226Ra,
are difficult to analyze with this technique due to their very high specific activities.
The following chapter is introduced by a description of the problems, which may
occur when working in the ultra-trace level. A description of the commonly used
extraction and enrichment techniques for alpha nuclides and a short survey of the
commonly applied detection techniques are given. The main application of alpha
spectrometry in our laboratory is the monitoring of tap and mineral waters. Besides
water, some specific food categories, such as fish, seafood, spices or healing earths,
are monitored for their content of natural radionuclides.

Keywords: alpha spectrometry, mineral water, seafood, spices, healing earth

1. Introduction

Uranium and thorium are radionuclides with long half-lives. Their abundances
in the earth’s crust are 12–13 ppm rsp. 2.5 ppm for thorium and uranium. They exist
in minerals, such as pitch blend (uranium) or monazites (thorium).

From the earth’s crust, these elements migrate to the groundwater layers. There,
they can be transferred to surface waters. Therefore, the consummation of water is
a main direct source for the ingestion of alpha nuclides. In addition, they are taken
up by aquatic organisms (fish, mussels) and enriched in these organisms (e.g. Po-
210 (210Po) is enriched in the intestinal tract of mussels and fish). Alpha nuclides
are enriched in farmland soils by irrigation and the application of phosphate fertil-
izers, which contain respectable amounts of uranium and thorium. The consum-
mation of vegetables cultivated on such farmlands and the consummation of meat
and meat products from these farms is another possibility for the intake of alpha
nuclides.

There exist three main decay series of natural radionuclides starting from the
radionuclides uranium-238 (238U), thorium-232 (232Th) and uranium-235 (235U).
The 238U decay chain produces several radionuclides, which are of radiological
concern. These are 238U, 234U, radium-226 (226Ra), radon-222 (222Rn), lead-210
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(210Pb) and 210Po. The chain ends at the stable lead isotope 206Pb. The 232Th-decay
chain comprises 232Th, radium-228 (228Ra), thorium-228 (228Th), radium-224
(224Ra) and radon-220 (220Rn), which are of radiological relevance. The chain stops
at the stable lead isotope 208Pb. The Uranium-235 decay chain produces the follow-
ing relevant radionuclides: 235U, protactinium-231 (231Pa), actinium-227 (227Ac),
thorium-227 (227Th) and radium-223 (223Ra). The chain stops at the stable lead
isotope lead-207 (207Pb). Figure 1 shows the decay paths of the three decay series.

Radionuclides with longer half-lives, more than days, are of interest. Neverthe-
less, all radionuclides in the three decay chains are of radiological concern. The
short-lived radionuclides cannot be considered separately. Therefore, the long-lived
radionuclides and their short-lived daughter nuclides are assessed together. The
conversion factor of a specific radionuclide considers the radiation of the following
short-lived daughter nuclides.

Radon nuclides are radionuclides of the decay chains, which are gaseous. There-
fore, they can be translocated by outgassing from the soil. That means, the radon
nuclide and its follower nuclides are transported away from the soil or other envi-
ronmental matrices that contain radium isotopes. Consequently, radon nuclides can
be dislocated from its point of origin. 222Rn can leave the soil due to its relatively
long half-life of 3.8 days. One estimates that about 50% of the radon can leave the
soil from a depth of 1 m [2]. In the air, the decay of the radon produces after several
decay steps the longer-lived 210Pb, 210Bi and 210Po, which are transported on dust
particles through the atmosphere and may reach again farmland and surface waters.
For the two other decay chains, this effect can be neglected. 219Rn and 220Rn are
disintegrated before they have left the soil. In addition, the decay of these two radon
species produces only short-lived radionuclides.

2. EU and Swiss legislation for radionuclides

Since 2018, in Swiss legislation most limit values for radionuclides for food were
deleted after the adaption of the ordinances to the legislation of the European
Union. The Federal Ordinance on Contaminants and Constituents in Food from 1994
was expired [3], and a new Ordinance on Maximum Limits for Contaminants was put
into force in May 1, 2017 [4]. In this new ordinance, limit values for radionuclides in

Figure 1.
Natural decay series of uranium and thorium. Alpha decays are symbolized with a horizontal arrow. The small
diagonal arrows indicate a beta decay. In the nuclide box, the half-life is given. All data from [1].
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food at so-called emergency situations are included. For “planed exposition situa-
tions” (this means normal situations without any fallout event), no limit values at
all are defined. Fortunately, limit values for radiocesium, an important beta-emitter
in fallout, are regulated in the Ordinance on the Importation and the Placing on the
Market of Food, which is contaminated following the Accident of the Nuclear Power
Station of Chernobyl (Chernobyl Ordinance) [5] and the Ordinance on Food originating
in or consigned from Japan (Fukushima Ordinance) [6]. Unfortunately, the limit
values for radiocesium are different in each ordinance.

In Switzerland, a better legal basis exists only for drinking water. The Ordinance
on Drinking Water and Water from Public Baths and Shower Facilities (TBDV)
includes a limit value for uranium and guide values for tritium and radon and the
parameter indicative dose [7]. This ordinance is based on the European Council
Directive 2013/51/Euratom [8]. Fortunately, this council directive prescribes some

Radionuclide TBDV Derived activity limits according to
Euratom

WHO guidance
level

natural radionuclides

Lead-210 (210Pb) Bq/L 0.2 0.1

Polonium-210
(210Po)

Bq/L 0.1 0.1

Radium-226 (226Ra) Bq/L 0.5 1

Radium-228 (228Ra) Bq/L 0.2 0.1

Radon (222Rn) Bq/L 100 100 —

Thorium-228 (228Th) Bq/L 1

Thorium-230 (230Th) Bq/L 1

Thorium-232 (232Th) Bq/L 1

Uranium-238 (238U) Bq/L 3.0 10

Uranium-234 (234U) Bq/L 2.8 1

Uranium* μg/L 30 —

Artificial
radionuclides

Americium-241
(241Am)

Bq/L 0.1 0.7 1

Carbon-14 (14C) Bq/L 240 100

Cesium-134 (134Cs) Bq/L 7.2 10

Cesium-137 (137Cs) Bq/L 11 10

Cobalt-60 (60Co) Bq/L 40 100

Iodine-131 (131I) Bq/L 6.2 6.2 10

Plutonium 239 + 240Pu Bq/L 0.6 1

Strontium-90 (90Sr) Bq/L 4.9 4.9 10

Tritium (3H) Bq/L 100 100 10,000

Indicative dose (ID) mSv 0.1 0.1

TBDV, Swiss ordinance on drinking water and water for public baths and shower facilities [7]; Euratom, council
directive 2013/51/Euratom [8]; WHO [9].
*uranium is calculated from the activity of 238U.

Table 1.
Guidance levels for drinking water in EU and Switzerland compared to the WHO guidance levels.
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more guidance limits, “derived activity limits”, for artificial and natural radionu-
clides. Therefore, these activity limits are also applicable in Switzerland. Table 1
summarizes the actual valid guidance and limit values for drinking water existing in
Europe and Switzerland.

3. Collection and conservation of water samples

In this short chapter, important tips for a good analytical practice are given.
Sample collection and storage can be the source of basic errors, which can no more
be eliminated, even using a sophisticated analytical technique. At first, we must
remember the concentration level we are working at.

3.1 Specific activity

When analyzing radio traces, one must keep in mind the very low chemical
concentrations one is dealing with. Due to short half-lives (between hours and
days), the specific activity of many species is very high. This means that very low,
mostly non-weighable chemical concentrations correspond to measurable activities
in the mBq range. Practical work with such traces requires the addition of inactive
carriers. The following table illustrates this effect [10]. 232Th and 238U are excep-
tions. Both nuclides decay with half-lives of billion years. Therefore, common
activities correspond to weighable chemical amounts (Table 2).

These very low concentrations must be kept in mind, when samples are collected
and prepared for radio trace analyses. The problems, which can occur, are losses of
the analytes or contaminations during collection, transport, conservation and prep-
aration of samples.

3.2 Sample collection and storage

From natural waters, it is a major problem to obtain representative samples, e.g.
out of a river. Trace element concentrations depend on depth, salinity and turbidity
of a river or lake. Groundwater samples collected by using a pump should be taken
some minutes after beginning of the pumping to avoid the collection of the standing
water in the pipe. At this point, we cannot explicate profoundly the challenges for
adequate sampling. We recommend consulting the relevant literature, e.g. [11–13].

Radionuclide Half-life Specific activity
MBq/kg

Activity limits in tap
water (Bq/L)*

Corresponding
concentration μg/L (ppb)

222Rn 3.8 d 5.7 1012 100 2 10�11

210Po 138 d 1.66 1011 0.10 6 10�10

210Pb 22.3 a 2.8 109 0.20 4 10�8

228Ra 5.75 a 1.0 1010 0.20 1 10�7

226Ra 1600 a 3.4 107 0.50 3 10�6

238U 4.4 109 a 12.5 3 8.1

232Th 1.4 1010 a 4.06 1 24
*Activity limits according to ordinance on drinking water and water for public baths and shower facilities (TBDV) [7].

Table 2.
Specific activities of some dose-relevant natural radionuclides.
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Another important point is the choice of adequate sample containers. For metal
trace analysis, no glass containers should be used. The active surface of glass bottles
acts like an ion exchanger. SiOH groups are potent ligands for metal ions and may
adsorb ions from the water sample. One possibility to omit these adsorptive effects
is the conservation of the sample with mineral acid, such as nitric acid, hydrochloric
acid or sulphuric acid. SiOH groups are then protonated, and the adsorption of
cations is hindered. One can also add carrier ions to obtain the same effect. This is a
commonly used technique in radiochemical analyses. Addition of stable isotopes of
the analytes in higher concentrations prevents such adsorptive effects. Another
possibility is to precipitate radio traces by adding carriers (co-precipitation).
Another possibility is to catch and stabilize the analyte with a chelating agent, such
as EDTA, to prevent absorptive losses. Samples may also be dried at 105°C for
conservation or by freeze-drying, for example, of milk.

To overcome the possibility of such losses of analytes, we recommend using
plastic bottles of polyethylene, PVC or Teflon, whenever possible. Pyrex (borosilicate
glass) or soda glass containers should be avoided [13, 15, 16]. The containers should
be soaked in diluted acid and rinsed thoroughly with distilled water before use.
Before the sampling, the bottles are rinsed several times with the sample water [12].

It is also advisable to stabilize samples with the addition of conc. Nitric or
hydrochloric acid, if the applied procedure does allow this (pH should be below 1).
A stabilization is necessary when samples cannot be analyzed immediately (losses
or transformation by bacteria, co-precipitation with suspended matter, etc. must be
avoided) [11, 12, 16].

A special case is the sampling of the gaseous radon. Here, losses may occur when
samples are collected under turbulences or bottles are not completely filled, leaving
some headspace. Radon will outgas partially. Here, it is advisable to collect the water
without turbulences in glass bottles under water, if possible. The bottles must be filled
to the top without letting back any air bubbles. For sampling of water from taps or
valves, a simplemethod is to let stream the water through a plastic tube connected to a
funnel and to fill the bottle from the bottom up to the top without turbulences. Then,
the bottle is closed with a glass stopper displacing the water in the bottleneck. Nor-
mally, the radon activities in water are in the Bq/L range, so loss effects by adsorption
effects on glass walls may not be noticed. The bottles should be transported to the lab
at low temperature, but a freezing of the sample should be avoided. The samples must
be analyzed within a week due to the fast disintegration of the radon [11].

3.3 Quality of standards and chemicals

One should take special care to choose acids and other chemicals of high quality.
They should be of sufficiently high purity. Concentrated mineral acid solutions (e.g.
65% nitric acid, 95% sulphuric acid) and other chemicals should be of the same quality
used for ICP, AAS or XRF analysis. These are, for example, mineral acids of suprapur
quality from Sigma-Aldrich, Merck, Roth, etc. For these products, specification data
sheets with the declaration of minimum trace amounts of most metals are available.
For every method, a careful check of the whole blank (chemicals used, demineralized
water, glassware for sample preparation, etc.) is important and is a matter of course.

4. Sample preparation techniques

Alpha rays have a short reach due to its high mass and dual positive mass (two
protons and two neutrons). Therefore, the matrix absorbs most alpha radiation.
Alpha rays can leave the sample only from very thin surfaces. To detect alpha rays,
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one must eliminate the matrix without losing the alpha nuclides. The following
survey is not a complete review of the commonly used techniques. It is more
focused on the applied procedures at the state laboratory of Basel City. This focus
allows us to report from our long-time experience in alpha spectrometry.

4.1 Oxidation of the matrix

There are several common techniques for the preparation of samples. For non-
volatile and thermal stable analytes, solid samples can be calcinated in an oven (dry
ashing). For volatile analytes, e.g. 210Po, where losses are possible at temperatures
over 200°C or radiocesium (400°C), the matrix can be oxidized with mineral acid/
peroxide in a microwave oven at moderate temperatures around 200°C.

In water samples, the analytes can be concentrated by evaporation or distillation
of the water. Other procedures include direct evaporation of the sample on surfaces
or by vacuum sublimation (e.g. Frisch-grid ionization chambers or gas proportional
counters). The German DIN prescribes the evaporation of the water phase in the
presence of barium as a carrier for the analysis of 226Ra. After a second precipitation
with sulphate as a cleanup to remove thorium and polonium, the analyte can be
measured [17].

4.2 Liquid-liquid extraction

Liquid samples can be water samples or aqueous extraction solutions of solid
samples. They may be extracted with nuclide-specific, extractive cocktails. Jack
McDowell et al. have developed a set of extractants/fluors for different alpha
nuclides [18]. Some special applications with the photon electron rejection alpha
liquid spectrometry (PERALS) system are described in [19–21]. For the extraction
of uranium with the extractor/scintillator URAEX, several investigations to opti-
mize analytical procedures were published [22–24]. Véronneau et al. [25] investi-
gated the extraction of polonium with different extractors/scintillators. Our
preferred system is PPBO1/TOPO2, commercially available as POLEX™. The
PERALS system combined with a set of specific extractant/scintillator is a powerful
analytical tool for the analysis of alpha nuclides (Table 3) [27].

Reagent Extractable radionuclides Literature data

ALPHAEX U, Th, Pa, Hf, Zr, Pu (IV) 23, 28

POLEX Specific for 210Po, 237Np 25, 29, 30

RADONS Specific for 222Rn 31

RADAEX 226Ra (and daughters) 20, 21, 29, 32

STRONEX Specific for 90Sr 33

THOREX 228Th, 230Th, 232Th and Zr, Hf, U, Eu, In and other nuclides 34, 35

URAEX Specific for 234U and 238U 21, 23, 24

Table 3.
Extractant/fluor solutions for PERALS-α-spectrometry [26].

1 2-(40-biphenylyl)-6-phenylbenzoxazole
2 Trioctylphosphine oxide
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Many other extraction systems were published. For example, Leeuwen et al.
published an overview on the selective extraction of radium with means of chelators
[36, 37].

4.3 Adsorptive surfaces

The use of some specific active surfaces, which are suitable for the adsorption of
radionuclides from aqueous solutions and are commercially available, was
published.

Such selective phases can be made of pure metals, such as copper, nickel or
silver. 210Po will auto adsorb on such a surface in an acidic, reductive milieu using
ascorbic acid or hydroxylamine [38–41]. For recovery control of the adsorption
process, polonium-208 (208Po) or polonium-209 (209Po) can be added as tracers.

Manganese dioxide-coated surfaces adsorb radium nuclides selectively. Based on
the work of Moore and Reid [42], Glöbel and Berlich [43] and Surbeck [44], robust
procedures for the analysis of radium in water were developed by Eikenberg et al.
and Surbeck [45, 46]. Ra disks are commercially available from nucfilm [47].

For uranium, there also exists a selective surface based on diphonix resin
supported on polycarbonate [48]. Diphonix-coated disks are commercially available
from nucfilm [47]. They work well below activities of 1 Bq/L because of the
restricted load capacity. For example, Surbeck suggests analyzing for uranium only
after the elimination of radium by adsorption with a MnO2 disk. Otherwise
overloading effects with radiumnuclides may be noticed [49].

Alpha nuclides in a liquid milieu can be adsorbed electrolytically onto stainless
steel disks (electroplating, electrodeposition). The Mitchell method describes the
deposition of actinides (uranium, americium, polonium) in a HCl milieu [50]. The
Talvitie method is used for the deposition of actinides (uranium, thorium) in the
presence of a HSO4

�/SO4
2� milieu [51]. Many applications were published for

uranium, thorium, radium, plutonium and other alpha nuclides [52, 53]. In our
laboratory we have experiences in analyzing uranium and thorium in acid extract
solutions of spices [54]. Our method is based on working sheets from the
Paul Scherrer Institute (PSI), which describes the production of a homemade
electrodeposition unit and the application for the enrichment of uranium or
thorium on stainless steel planchettes [51, 55–58]. Frindik et al. give a method
for the determination of many alpha nuclides, including such as plutonium and
americium [59].

4.3.1 Micro-precipitation

For radium, micro-precipitation processes based on manganese dioxide are well
used. Many alpha nuclides, such as americium or plutonium, are analyzable. To
equalize losses of analytes in the precipitation step, the use of radioactive tracers
(internal standards) is important [60]. Thorium, uranium, plutonium, americium
and curium species are analyzable [61, 62].

4.3.2 Filtration

Radionuclides are collected on impregnated filters more or less selectively. Best
examples are radium-specific filters from 3 M Empore (Radium Rad disks). 228Ra
can be analyzed indirectly via its short-lived daughter 228Ac, which is built on the
filter surface by the disintegration of the enriched 228Ra. This is a very interesting
approach for the analysis of the dose-relevant 228Ra [63, 64].
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5. Measurement equipment

For a general survey, we recommend the Handbook of Radioactivity Analyses
[65]. Another somewhat older standard book is Radiation Detection and Measure-
ment from Knoll [66]. In this chapter, we describe the most used analytical tech-
niques for alpha nuclides as we know.

5.1 Alpha particle spectrometry

Passivated implanted planar silicon detectors (PIPS) or silicon barrier detectors
are widely used in analyzing alpha nuclides. It is necessary to obtain thin, homoge-
nous alpha sources. Thick sources show broad peaks due to some degradation cause
by self-adsorption. High-resolution alpha spectrometry needs thin sources. For this
purpose, stainless steel plates or adsorptive surfaces are ideal. Very thin micro pre-
cipitates are also suitable. Most alpha nuclides are energy resolved, with one excep-
tion. The alpha energies of plutonium-239 (239Pu) and plutonium-240 (240Pu)
differ only 10 keV. They may not be resolved in the alpha spectrum and therefore
often given as the activity sum of both nuclides.

Detector systems are available from Ortec [67] and Mirion (former Canberra)
[68]. They are available as multichamber systems to handle the long counting times
(e.g. 24 hours) in the daily routine. In our laboratory, we use PIPS detectors to
detect alpha nuclides of polonium, radium, uranium and thorium (Figure 2).

5.2 Liquid alpha scintillation techniques

Liquid scintillation techniques (LSC) with an alpha/beta discrimination possibil-
ity are often used [69]. An example is the analyses of radon. Very sensitive analyses
of radon in water samples are possible, when the large beta background of the radon
daughters 214Bi and 214Pb is discriminated. The consecutive alpha decays of 222Rn,
218Po and 214Po are counted (cross alpha counting) [70]. Three main procedures for
the analysis of radon with LSC are possible. The “direct”method consists in mixing
of the water with a water immiscible cocktail. The mixture is then counted with LSC.
In the indirect method, radon is transferred from the water into the cocktail phase
and then analyzed. The third method uses a purging of the radon into a cocktail
phase. The simplest and most precise method is the direct method, because only one
step in the sample preparation is necessary. Low detection limits are achievable with
a small effort in sample preparation (detection limit of about 0.2 Bq/L).

A special alpha scintillation technique is commercially available from ORDELA
[26]. The PERALS called alpha spectrometric technique is based on the following
procedure. The analyte is extracted with a selective extracting agent, which contains a
specific fluor. With the help of the fluor, α-, β- and γ-rays are converted into photons.
The β- and γ-photons of the extract solution are discriminated by the use of a pulse
shape discriminator. The discrimination is based on the longer relaxation times of
alpha decays. The discriminator eliminates the fast-relaxing β- and γ-induced photons.
As resolution of the emissions is much poorer than PIPS detectors, nuclide-specific
extractions systems must be used. Methods are available for the analysis of polonium,
radon, radium, uranium, thorium and other alpha nuclides [18], see 4.2 (Figure 2).

5.3 Gas proportional counting

Gas proportional counting is a suitable analyzing technique when equipped with
the possibility to separate alpha from beta rays. Loaded planchettes or disks and thin
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precipitates can be counted. Methods exist for polonium and other alpha emitters. It
is also possible to extract and analyze alpha and beta nuclides, e.g. 210Pb and 210Po.

5.4 Track detectors

Track detectors are used since many years for the measurement of 222Rn in air.
The tracks on an exposed foil produced by alpha particles are counted with a
microscope after chemical etching of the foil.

Figure 2.
Common equipment for alpha spectrometry. A, PIPS alpha spectrometer with eight counting cells; B, PERALS
alpha liquid scintillation counters; C, alpha spectrum of radium in mineral water; D, PERALS spectrum of
uranium in san Pellegrino mineral water; E, PIPS alpha spectrum of polonium in a mineral water; F, PERALS
spectrum of thorium in a mineral water.
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5.5 Gamma-ray spectrometry

Gamma-ray spectrometry is only suitable for the analyses of alpha nuclides in
samples, where the analytes are present in higher activities (soil, sediments, etc.).
Uranium, for example, is only detectable via its daughter nuclides (e.g. 234Th for
238U). Therefore, it is important to render data plausible according to the individual
decay time within the decay chains. Radionuclides, which are in secular equilib-
rium, should show equal activities. Interferences may pretend excessive activities.

A second challenge is the weak photon emissions of alpha nuclides. In addition,
these emissions are in the lower keV range, and the correlation to a specific radio-
nuclide is often doubtful because of interferences. 232Th is such a radionuclide with
a main emission line at 63.8 keV. It can easily be mixed with 234Th (63.3 keV). Such
lines of weak intensity need counting times of days to get reasonable signals [71]. In
drinking water analysis, there are two important radionuclides, 228Ra and 210Pb,
which are beta emitters and cause dominant dose contributions. 228Ra can be ana-
lyzed indirectly via its short-lived beta daughter 228Ac. 210Pb shows only a very
weak line at 46.5 keV. The analysis is only suitable with a germanium detector
equipped with a beryllium or carbon window that allows the transmission of low-
energy lines. For both radionuclides, counting times are days or weeks.

226Ra can be analyzed directly with its emission line at 186.21 keV (3.56%
emission probability) but which interferes with a more intensive gamma line of 235U
(185.72 keV, 57.2%). Here, it is advisable to quantify 226Ra via its daughter nuclides
(214Bi and 214Pb), after the radioactive equilibrium is established. 228Th and 224Ra
are alpha nuclides of the 232Th decay chain. Their activities are calculated via the
daughter nuclides (212Pb, 212Bi). 238U may be analyzed via its daughter 234Th. As
mentioned before, these radionuclides are only quantifiable in samples, which show
relatively high activities (e.g. soil samples) [71]. In Table 4, radionuclide decay
energies and common detection methods are listed. Passivated implanted planar
silicon detectors (PIPS), liquid scintillation alpha/beta-counting and PERALS are
commonly used analytical methods.

6. Applications

In this chapter, some few applications of alpha spectrometry for the examination
of drinking water and food samples are described. In our laboratory, the main
application of alpha spectrometry is for the routine control of water samples, e.g.
tap water or mineral waters. Fish and seafood, spices and healing earths are food
categories, which may have incorporated relevant quantities of alpha nuclides.

6.1 Monitoring of mineral waters from the Swiss market

Natural mineral water should be water of good microbiological quality. It is
collected in groundwater layers or rock formations. This water reaches the surface
by one or several naturally or artificially built exit points and can be collected there.
Mineral waters are classified according to their mineral contents (from very low
mineral content to high mineral content) or specified for a dominant constituent
(e.g. rich in magnesium, iron, fluoride). Another classification respects the content
of carbonic acid (non-carbonated water, sparkling water, etc.). In all cases, mini-
mum or maximum concentrations are defined in the Swiss Ordinance on Beverages
[72] and other ordinances. Radionuclide activities in mineral waters may vary in a
wide range and are caused by complex solubility and transport processes in the
aquifer. The hydrogeological conditions, the uranium and thorium content of the
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Radionuclide Half-life Alpha energies (MeV), %
branching

Common methods comments

210Pb 22.3 y beta LSC
Gas prop. Counter: indirect via 210Bi

Gamma spectrometry: weak line at 46.5 keV

210Po 138.4 d 5.407,5 (100) LSC: PERALS
PIPS: Ag and Cu disk

231Pa 3.28 104 y 4.762,5 (1,8)
4.795,4 (1,2)
4.819,8 (8,4)
4.939,1 (1,4)
5.023,0 (2,9)

PIPS: electrodeposition
Gamma spectrometry

224Ra 3.66 d 5.547,9 (5,3)
5.788,9 (94,7)

LSC: PERALS
PIPS: electrodeposition

PIPS: MnO2 disk
Gamma spectrometry

226Ra 1600 y 4.684,0 (5,95)
4.870,5 (94,0)

LSC: PERALS
PIPS: electrodeposition

PIPS: MnO2 disk
Gamma spectrometry: interfering line at

86 keV

228Ra 5.75 y beta LSC
Gamma spectrometry: via 228Ac

220Rn 55.6 s 6.404,7 (100) PIPS: PERALS

222Rn 3.83 d 5.590,3 (100) LSC: several specific methods

228Th 1.91 y 5.520 (73,4)
5.436 (26,0)

LSC: PERALS
B: electrodeposition

230Th 7.54 104 y 4.620,5 (23,4)
4.687,0 (76,3)

LSC: PERALS
PIPS: electrodeposition

232Th 1.41 1010

y
4017,8 (21,0)
4081,6 (78,9)

LSC: PERALS
PIPS: electrodeposition

234U 2.45 105 y 4.804,5 (28,4)
4.857,6 (71,4)

LSC: PERALS and others
PIPS

Gamma spectrometry (indirect)

235U 7.04 108 y 4.441,7 (18,8)
4.474,0 (7,25)

LSC: PERALS and others
Gamma spectrometry

238U 4.47 109 y 4.220,2 (22,3)
4.269,7 (77,5)

LSC: PERALS and others
PIPS

Gamma spectrometry (indirect)

239Pu 2.41 104 y 5.192,8 (11,9)
5.231,5 (17,1)
5.244,5 (70,8)

LSC: PERALS
PIPS

240Pu 6561 y 5.210,5 (27,2)
5.255,8 (72,7)

PIPS

241Am 432.4 y 5.479,3 (1,7)
5.534,9 (13,2)
5.578,3 (84,5)

LSC: PERALS
PIPS

Gamma spectrometry

244Cm 18.1 y 5.858,9 (23,3)
5.901,7 (76,7)

LSC: PERALS
PIPS

Taken from: [1].

Table 4.
Radionuclide decay energies and common detection methods.
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210Po 138.4 d 5.407,5 (100) LSC: PERALS
PIPS: Ag and Cu disk

231Pa 3.28 104 y 4.762,5 (1,8)
4.795,4 (1,2)
4.819,8 (8,4)
4.939,1 (1,4)
5.023,0 (2,9)

PIPS: electrodeposition
Gamma spectrometry

224Ra 3.66 d 5.547,9 (5,3)
5.788,9 (94,7)

LSC: PERALS
PIPS: electrodeposition

PIPS: MnO2 disk
Gamma spectrometry

226Ra 1600 y 4.684,0 (5,95)
4.870,5 (94,0)
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PIPS: electrodeposition

PIPS: MnO2 disk
Gamma spectrometry: interfering line at
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222Rn 3.83 d 5.590,3 (100) LSC: several specific methods
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y
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240Pu 6561 y 5.210,5 (27,2)
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Taken from: [1].

Table 4.
Radionuclide decay energies and common detection methods.
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rock formations, solubility behaviour and other chemical characteristics of the
radionuclides are crucial for their presence in the water phase.

Besides tap water, mineral waters are the most consumed beverage in Switzer-
land. Nearly one billion liters are consumed yearly. Today, about 57% of the mineral
waters are from Swiss production. 43% are originated from European countries,
such as Italy, France, Germany and others [73]. The consummation of such high
quantities of water requires rigorous monitoring. However, the law prescribes the
declaration of the mineral contents only. Besides a microbiological survey, the focus
is on contaminants from agriculture, industry and other productions. In past years,
contaminations were detected sporadically. For example, traces of benzene in a
French mineral water, E. coli bacteria in a mineral water infiltrated by contaminated
seawater or high amounts of radium or uranium in French and Portuguese products
gave reason for small scandals and violations of the law. Increased uranium activi-
ties in groundwater, originating from the intensive use of phosphate fertilizers,
gave reason for the establishing of a monitoring programme for drinking water
plants in Germany.

Natural and artificial radio contaminants were first monitored systematically in
the USA and Germany [74].3 In Switzerland, first investigations of mineral waters
are from 1990. The Federal Office of Public Health mandated the Swiss Paul
Scherrer Institute to analyze mineral waters available from the Swiss market [75]. In
2006 and 2007, the state laboratory of Basel City analyzed mineral waters in col-
laboration with the Office for food safety and veterinary affairs of the state of Basel-
Country with the focus on uranium, tritium, radon and heavy metals [76, 77].

In 2018, our laboratory analyzed 46 mineral waters from the Swiss market. It
was a complete investigation of natural and artificial radionuclides according to the
TBDV [7]. Since 2018, the food law has changed. The former Ordinance of Food
Contaminants and Constituents (FIV) was invalidated [3]. Therefore, no more
limits exist for radionuclides in mineral waters. Consequently, it was necessary to
validate the results according to the guide and limit values of the Swiss drinking
water ordinance (Table 1).

Mineral water samples were collected at stores of the city of Basel. 21 products
were Swiss mineral waters, followed by 12 mineral waters from Italy, 3 from Serbia
and 2 each from Germany and France. Other countries were Fiji islands, Spain,
Portugal, Norway, Kosovo and Croatia. The samples were analyzed by using the
following sample preparation/measurement scheme (Table 5).

The aim of such investigations is always to estimate internal doses by consump-
tion of the analyzed food category. Therefore, all dose-relevant radionuclides must
be analyzed. These are natural radionuclides and anthropogenic radionuclides, such
as 3H, 40K or 241Am. According to TBDV, the total dose is the sum of the individual
doses of all natural radionuclides, with the exception of potassium-40 (40K), tritium
(3H) and 222Rn with its short-lived daughters. So, uranium, radium, polonium,
thorium and lead nuclides are the main nuclides which contribute to the dose. The
doses due to the ingestion of individual radionuclides were calculated as follows:

Di ¼ ci*eing;i*U, (1)

with

3 Federal ministry for the environmental conservation, construction and nuclear security (2017).

Guidelines on compliance with the requirements of the Drinking Water Ordinance in the testing and

evaluation of radioactive substances in drinking water. Drinking water is tested for its concentrations of

radioactive substances nationwide.
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ci: Activity concentration of the radionuclide i
eing,i: Ingestion factor of radionuclide i [78]
U: Consummation rate (720 L for adult persons and year)
The sum of these individual doses is defined as indicative dose. The dose coeffi-

cients are listed in Table 6.
Results of the monitoring of mineral water in Switzerland in 2018 are presented

in Table 7.
Uranium was detectable in 45 of 46 mineral waters. The mean activities were

0.02 � 0.02 rsp. 0.02 � 0.03 for 234U and 238U. The corresponding chemical
concentration was 1.9 � 2.0 μg U/L, fulfilling the limit value of 30 μg/L. The ratio of
238U/234U of 1.04 shows an undisturbed equilibrium between the two uranium
nuclides. The Italian mineral waters San Pellegrino and Varanina contained 183 and
269 mBq/L of both uranium nuclides, corresponding to 7.0 rsp. 10.6 μg/L.

228Ra is the dominant radionuclide of the radium species. Eleven samples
showed activities of 228Ra with a mean of 0.07 � 0.05 Bq/L. 224Ra and 226Ra were
only found in traces (mean 0.04 Bq/L for 226Ra) with one exception. Pedras
Salgadas, a mineral water from Portugal, showed an activity of 1.4 Bq/L of 226Ra.
Here, the guide value of 0.5 Bq/l was violated. Before 2017, this mineral water was
banned from the Swiss market due to the then existing limit value of 1 Bq/L for
liquid food. 224Ra was only detected in two samples (<0.002–0.10 Bq/L).

210Pb and 210Po are built at the end of the decay chain of 238U. 210Pb has a
relatively long half-life of 22.3 years and is the mother nuclide of 210Bi and 210Po. It
is a beta nuclide and commits to the indicative dose. 210Po is an alpha nuclide with a
high alpha energy of 5.3 MeV and a half-life of 138 days. Therefore, it is also dose-
relevant. Fourteen mineral water samples showed a measurable activity of 210Pb.

Radionuclide Sample preparation Sample
volume

Analytical
technique

Quantification
limit

234U, 238U Extraction with 5 mL of URAEX 500 mL PERALS-α-
spectrometry

4 mBq/L

224Ra, 226Ra Adsorption on MnO2 disk 200 mL PIPS-α-
spectrometry

2 mBq/L

228Ra No sample preparation 1000 mL γ-spectrometry
(via 228Ac)

50 mBq/L

210Po Adsorption on Ag disk 100 mL PIPS-α-
spectrometry

5 mBq/L

210Pb Adsorption on Ni disk 200 mL b-gas proportional
counter

50 mBq/L

228Th, 230Th,
232Th

Extraction with 5 mL of
THOREX

500 mL PERALS-α-
spectrometry

2 mBq/L

222Rn 1:1 mix with Maxilight cocktail 10 mL α-counting with
LSC

0.4 Bq/L

3H Mix with 12 mL of Ultima Gold
LLT cocktail

8 mL β-counting with
LSC

2 Bq/L

90Sr Extraction with 8 ml of
STRONEX

1000 mL β-counting with
LSC

0.05 Bq/L

60Co,131I,134Cs
137Cs, 241Am

No sample preparation 1000 mL γ-spectrometry 0.05–0.1 Bq/L

Table 5.
Sample preparation and analyzing techniques used for the investigation of mineral waters at the state
laboratory of Basel City.
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U: Consummation rate (720 L for adult persons and year)
The sum of these individual doses is defined as indicative dose. The dose coeffi-
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Uranium was detectable in 45 of 46 mineral waters. The mean activities were

0.02 � 0.02 rsp. 0.02 � 0.03 for 234U and 238U. The corresponding chemical
concentration was 1.9 � 2.0 μg U/L, fulfilling the limit value of 30 μg/L. The ratio of
238U/234U of 1.04 shows an undisturbed equilibrium between the two uranium
nuclides. The Italian mineral waters San Pellegrino and Varanina contained 183 and
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only found in traces (mean 0.04 Bq/L for 226Ra) with one exception. Pedras
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Here, the guide value of 0.5 Bq/l was violated. Before 2017, this mineral water was
banned from the Swiss market due to the then existing limit value of 1 Bq/L for
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210Pb and 210Po are built at the end of the decay chain of 238U. 210Pb has a
relatively long half-life of 22.3 years and is the mother nuclide of 210Bi and 210Po. It
is a beta nuclide and commits to the indicative dose. 210Po is an alpha nuclide with a
high alpha energy of 5.3 MeV and a half-life of 138 days. Therefore, it is also dose-
relevant. Fourteen mineral water samples showed a measurable activity of 210Pb.
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222Rn 1:1 mix with Maxilight cocktail 10 mL α-counting with
LSC

0.4 Bq/L

3H Mix with 12 mL of Ultima Gold
LLT cocktail

8 mL β-counting with
LSC

2 Bq/L

90Sr Extraction with 8 ml of
STRONEX

1000 mL β-counting with
LSC

0.05 Bq/L

60Co,131I,134Cs
137Cs, 241Am

No sample preparation 1000 mL γ-spectrometry 0.05–0.1 Bq/L

Table 5.
Sample preparation and analyzing techniques used for the investigation of mineral waters at the state
laboratory of Basel City.

157

Monitoring of Natural Radioactivity in Drinking Water and Food with Emphasis…
DOI: http://dx.doi.org/10.5772/intechopen.90166



Radionuclide Infants (1–2 years) Children > 10 years Adult persons

Americium-241 (241Am) 0.37 0.22 0.20

Lead-210 (210Pb) 3.6 1.9 0.69

Cesium-134 (134Cs) 0.016 0.014 0.019

Cesium-137 (137Cs) 0.012 0.010 0.013

Iodine-131 (131I) 0.180 0.052 0.022

Cobalt-60 (60Co) 0.027 0.011 0.003

Polonium-210 (210Po) 8.8 2.6 1.2

Radium-224 (224Ra) 0.66 0.26 0.065

Radium-226 (226Ra) 0.96 0.80 0.28

Radium-228 (228Ra) 1.70 1.70 1.70

Radon (222Rn) 0.02 0.02 0.01

Strontium-90 (90Sr) 0.073 0.06 0.028

Thorium-228 (228Th) 0.37 0.14 0.072

Thorium-230 (230Th) 0.41 0.24 0.21

Thorium-232 (232Th) 0.45 0.29 0.23

Tritium (3H) 4.8E � 11 2.3E � 11 1.8E � 11

Strontium-90 (90Sr) 0.073 0.06 0.028

Uranium-238 (238U) 0.12 0.068 0.045

Uranium-234 (234U) 0.13 0.074 0.049

Table 6.
Ingestion factors of the Swiss radiological protection ordinance [78] based on the ICRP concept. All data in
μSv/Bq.

Radionuclide Mean � s.d. Min Max n

234U Bq/L 0.02 � 0.02 0.002 0.14 45

238U Bq/L 0.02 � 0.03 0.002 0.13 45

natU μg/L 1.9 � 2.0 0.1 10.6 45

224Ra Bq/L 0.003 � 0.02 0.002 0.11 2

226Ra Bq/L 0.04 � 0.21 0.002 1.4 23

228Ra Bq/L 0.07 � 0.05 0.05 0.44 11

222Rn Bq/L 1.3 � 1.4 0.4 4.4 27

210Po Bq/L 0.04 � 0.06 0.01 0.23 14

210Pb Bq/L 0.10 � 0.06 0.05 0.27 14

228Th Bq/L 0.003 � 0.002 0.002 0.01 22

230Th Bq/L 0.002 � 0.002 0.002 0.01 12

232Th Bq/L 0.003 � 0.004 0.002 0.02 20

s.d., standard deviation; n, number of positive samples from a total of 46 samples.

Table 7.
Results from the monitoring of mineral water in Switzerland.
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The mean was 0.10 � 0.06 Bq/L. The Pedras Salgadas mineral water contained
0.3 Bq/L and therefore was over the guidance value of 0.2 Bq/L. Fourteen mineral
water samples contained 210Po in low activities (mean: 0.04 � 0.06 Bq/L). In an
Italian mineral water, the guidance limit of 0.1 Bq/L was overridden (0.23 Bq/L).

Thorium nuclides were found in low activities but in almost all mineral waters.
The mean sum of the three nuclides was 0.01 Bq/L. These low activities are
explained with the insolubility of thorium in water. Thorium species bind mainly
on particles or co-precipitate with minerals and are therefore removed from the
water phase.

222Rn was found in 27 of the 46 samples with a low, mean activity of
1.3 � 1.4 Bq/L (0.4–4.4 Bq/L). Most of the radon is lost during the production and
transport of the mineral waters, except the Portuguese Pedras Salgadas, where
radon is constantly produced by the disintegration of 226Ra.

Artificial radionuclides, such as 3H, 90Sr and 137Cs, were detectable in traces.
Eight samples contained 0.01 � 0.01 Bq/L 137Cs. One sample showed traces of 90Sr
(0.05 Bq/L). 3H was detectable in only two samples 1.2 � 0.9 Bq/L. Radiocesium
and radiostrontium are the main components of the global fallout and fallout from
NPP accidents (Chernobyl). Their migration into the soil is a slow process. There-
fore, disintegration may be fast enough to reduce the activities to amounts below
the detection limits in the groundwater phase.

The calculated internal doses of the mineral waters (indicative doses) were
0.06 � 0.60 mSv/a. Most samples fulfilled the guidance value of 0.1 mSv/a. The
indicative dose of five mineral waters was over the guidance value. The highest dose
was calculated for the Portuguese product Pedras Salgadas. We calculated a dose of
0.46 mSv/a for adult persons. Four other mineral waters showed doses between
0.12 and 0.27 mSv/a. Elevated activities of 226Ra, 228Ra and 210Pb were the cause for
these higher doses (Figure 3).

6.2 Analysis of healing earths

Siliceous earths are widely used in the food industry as a food supplement.
They are deposits of the silica shells of diatoms (main constituent of marine
phytoplankton). These layers are extracted in mines. Siliceous earths incorporate
foreign atoms in the crystal lattice, such as radionuclides of the natural decay series

Figure 3.
Results from the investigation of mineral waters on the Swiss market 2018. All data in mBq/L, except indicative
dose (μSv). n: Number of samples with activities over the detection limit (given as “>x mBq/L”).
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Radionuclide Infants (1–2 years) Children > 10 years Adult persons
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of uranium and thorium. In 2008, the state laboratory of Basel City analyzed
siliceous earth products on the Swiss market with α- and γ-spectrometry. In two
products, the limit values for 226Ra and 210Po were exceeded (>50Bq/kg).
Furthermore, the annual dose by regular consummation of one product from
California, USA, reached 0.5 mSv, half of the permitted yearly dose (1mSv).
Consequently, this product was withdrawn from the Swiss market [79]. In 2010, a
second inspection of the healing earths on the Swiss market showed that two
products from German production slightly exceeded the limit values of 226Ra and
228Ra. The calculated, annual doses of these products when regularly consumed
reached 0.1mSv/year [80]. Finally, we noted that healing earths can lead to doses
up to 0.5 mSv. At last, materials based on silica for industrial use (e.g. as
adsorbents or filter media in a chemical laboratories) can lead to the
contamination of the environment when such materials are disposed or burnt
(Table 8).

6.3 Radiological investigation of spices

Radionuclides from the uranium and thorium series may be enriched in plants
and therefore also in spices. Until 2017, Swiss legislation included limit values for
natural radionuclides in spices. For radionuclides of the group I (224Ra, 228Th, 234U,
235U, 238U), a cumulative limit value of 500 Bq/kg was given in the Ordinance of
Contaminants and Constituents in Food [3]. For group II (210Pb, 210Po, 226Ra, 228Ra,
230Th, 232Th and 231Pa), a cumulative limit value of 50 Bq/kg was defined.

A total of 50 spice samples from Spain, South Africa, Asian countries, Turkey
and India were collected on the Swiss market and analyzed with gamma-ray spec-
trometry. After reaching equilibrium between 226Ra and 222Rn (20 days), 226Ra was
determined via its daughter nuclides 214Bi and 214Pb. 224Ra is in equilibrium with its
daughters 212Pb and 212Bi. 228Ra was analyzed via its daughter nuclide 228Ac. The
thorium nuclides 228Th, 230Th and 232Th were analyzed with alpha spectrometry
using PIPS detectors. The sources were prepared by deposition of the thorium
species from acid microwave extracts onto steel disks with electrodeposition.

Pepper samples contained increased amounts of the radium and thorium
nuclides. The cumulated activity of the radionuclides from group I, especially 224Ra,

Radionuclide Mean � s.d. Samples* Min Max

224Ra 25.3 � 21.5 30/32 1.7 63

226Ra 42.1 � 33.6 30/32 2.9 133

228Ra 27.2 � 23.5 30/32 2.0 67

234U 56.9 � 29.1 18/26 15.4 115

235U 4.0 � 2.1 07/26 1.5 6.9

238U 75.4 � 56.7 22/26 6.5 227

227Th 2.6 � 1.8 17/29 0.7 6.0

210Pb 183 � 152 6/24 49 428

210Po 11.0 � 9.0 22/24 2.0 42

s.d.: standard deviation.
*Number of positive samples/total of samples.
All data in Bq/kg dry weight and from [78, 79].
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reached 10–32% of the limit value (500 Bq/kg). The cumulated activity of the
radionuclides of group II, especially 226Ra and 228Ra, reached 10–26% of the limit
value (50 Bq/kg) (Table 9). The consummation of 100 g of pepper in a year leads to
a dose of about 1–2 μSv [54, 81].

6.4 Analysis of seafood and fish

Natural radionuclides cause the main radio contamination of fish and seafood.
Mussels and molluscs may enrich 210Po in the intestinal tract, whereas the mother
nuclide 210Pb is not enriched [82]. Activity concentrations of 210Po range from 20 to
100 Bq/kg. In fish, the 210Po level is much lower (1–20 Bq/kg) [83].

In 1998, we investigated the contamination of 210Po in sea fish and mussels. The
210Po was extracted with acid and microwaves at temperatures below 200°C. Then,
the analytes (210Po and internal standard 209Po) were adsorbed onto silver disks by
autodeposition in an alkaline milieu. The disks were counted with alpha PIPS
detectors for 24 hours (Table 10).

We had to declare objections for 12 mussel and 2 fish samples (sardines). Sar-
dines showed elevated activity of 210Po. They are consumed as the whole fish, the

Radionuclide Mean � s.d. Samples* Min Max

Pepper

224Ra 8.2 � 6.0 5/8 2.0 16

226Ra 3.4 � 0.89 5/8 2.0 4.0

228Ra 9.7 � 7.1 6/8 3.3 23

228Th 0.9 � 0.37 3/3 0.51 1.25

230Th 3.0 � 0.72 1/3 3.0 3.0

232Th 3.0 � 3.1 2/3 0.77 5.3

Paprika

224Ra 2.0 � 0.5 1/12 2.0 2.0

226Ra 2.1 � 0.61 3/12 1.6 2.8

228Ra <2

228Th 1.1 � 0.85 5/5 0.27 2.4

230Th 0.3 � 0.08 1/5 0.33 0.33

232Th 1.1 � 0.79 5/5 0.37 2.5

Curries

224Ra <2

226Ra 3.1 � 1.7 3/11 2.0 5.0

228Ra 3.3 � 1.7 1/11 3.3 3.3

228Th 1.3 � 0.8 6/11 0.32 2.5

230Th 0.4 � 0.17 3/11 0.21 0.52

232Th 1.0 � 0.52 6/11 0.23 1.8

s.d.: Standard deviation.
*Number of positive samples/total of samples
All data from [53, 80].
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230Th, 232Th and 231Pa), a cumulative limit value of 50 Bq/kg was defined.

A total of 50 spice samples from Spain, South Africa, Asian countries, Turkey
and India were collected on the Swiss market and analyzed with gamma-ray spec-
trometry. After reaching equilibrium between 226Ra and 222Rn (20 days), 226Ra was
determined via its daughter nuclides 214Bi and 214Pb. 224Ra is in equilibrium with its
daughters 212Pb and 212Bi. 228Ra was analyzed via its daughter nuclide 228Ac. The
thorium nuclides 228Th, 230Th and 232Th were analyzed with alpha spectrometry
using PIPS detectors. The sources were prepared by deposition of the thorium
species from acid microwave extracts onto steel disks with electrodeposition.

Pepper samples contained increased amounts of the radium and thorium
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reached 10–32% of the limit value (500 Bq/kg). The cumulated activity of the
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value (50 Bq/kg) (Table 9). The consummation of 100 g of pepper in a year leads to
a dose of about 1–2 μSv [54, 81].

6.4 Analysis of seafood and fish

Natural radionuclides cause the main radio contamination of fish and seafood.
Mussels and molluscs may enrich 210Po in the intestinal tract, whereas the mother
nuclide 210Pb is not enriched [82]. Activity concentrations of 210Po range from 20 to
100 Bq/kg. In fish, the 210Po level is much lower (1–20 Bq/kg) [83].

In 1998, we investigated the contamination of 210Po in sea fish and mussels. The
210Po was extracted with acid and microwaves at temperatures below 200°C. Then,
the analytes (210Po and internal standard 209Po) were adsorbed onto silver disks by
autodeposition in an alkaline milieu. The disks were counted with alpha PIPS
detectors for 24 hours (Table 10).
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intestinal tract included, similar to the consummation of mussels. This explains the
higher contamination level in sardines and anchovies. In 2010, the state laboratory
of Basel City undertook a second investigation with similar results. Because since
1990 the limit value for 210Po in fish and seafood was raised from 10 to 150 Bq/kg
(indeed, the rate of fish and seafood consummation in Switzerland is of minor
relevance), no more objections had to be raised [85, 86].

7. Conclusions

In the radiation laboratory, where food and environmental samples are investi-
gated, alpha spectrometry is a mandatory part of the instrumentation. Well-
established analytical procedures exist for the analysis of polonium, radium, ura-
nium, thorium and transuranium nuclides. Suitable radioactive sources are pre-
pared either by co-precipitation, selective extraction or adsorption onto active
surfaces. The alpha spectrometric equipment at choice are PIPS detectors, gas
proportional detectors and liquid scintillation counters. Drinking water is the most
important food. Periodical survey for radioactive contaminants is important to
guarantee a secure consummation. Because drinking water sources may underlie
seasonal variations of their activity concentrations, they must be reexamined from
time to time. The dose-relevant radionuclides in our investigation of mineral waters
and tap water were 210Pb, 226Ra and 228Ra.

Additionally, there are some food categories, which may show elevated activities
of alpha nuclides. Mussels and fish may enrich 210Po in the gastrointestinal tract.
When consuming whole fish, such as sardines or anchovies, higher amounts of
210Po are taken up. This can lead to relevant doses, especially in countries where
consummation of fish and seafood is a main part of the nutrition. Healing earths
may contain higher amounts of 226Ra and 228Ra. In spices, radium species are
dominant, while pepper can contain higher amounts of thorium nuclides.

Radionuclide Mean � s.d. Samples* Min Max

Fish

210Po 0.004 � 0.005 21/ 0.002 0.02

226Ra 3.2 � 6.3 54/140 0.20 43

228Ra 1.3 � 0.87 22/100 0.40 4.5

Sardines, anchovies

210Po 0.02 � 0.03 18/19 0.001 0.11

226Ra 1.7 � 1.4 5/19 0.62 4.1

228Ra 0.71 � 0.44 6/19 0.30 1.3

Seafood

210Po 0.005 � 0.013 11/27 0.001 0.05

226Ra 2.0 � 1.7 12/27 0.30 5.4

228Ra 1.2 � 0.10 3/27 1.1 1.2

s.d.: Standard deviation.
*Number of positive samples/total of samples.
All data from [83, 84].

Table 10.
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Chapter 9

Analysis of Radioactive Elements 
in Testes of Large Japanese 
Field Mice Using an Electron 
Probe Micro-Analyser after the 
Fukushima Accident
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Kazuma Koarai, Yasushi Kino, Tsutomu Sekine, 
Masatoshi Suzuki, Atsushi Takahasi, Yoshinaka Shimizu, 
Hisashi Shinoda, Mitsuaki A. Yoshida, Manabu Fukumoto, 
Hideaki Yamashiro and Tomisato Miura

Abstract

The Fukushima Daiichi nuclear power plant (FDNPP) accident drew global 
attention to the health risks of radiation exposure. The large Japanese field mice 
(Apodemus speciosus) are rodents endemic to, and distributed throughout, Japan. 
This wild rodent live in and around the ex-evacuation zone on the ground surface 
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showed that the spermatogenesis was observed normally in the breeding season 
of wild mice in the heavily contaminated area. However, caesium (Cs) was not 
detected in all testes of wild mice from FDNPP ex-evacuation zone. In conclusion, 
even if the testes and the process of spermatogenesis are hypersensitive to radiation, 
we could not detect radiation effects on the spermatogenesis and Cs in the exam-
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1. Introduction

The Fukushima Daiichi nuclear power plant (FDNPP) accident drew global 
attention to the health risks of radiation exposure. We have established an archive 
system composed of livestock and wild animals within a 20 km radius from FDNPP, 
that is, the ex-evacuation zone of the FDNPP accident [1–13]. This system provides 
critical information for the understanding of environmental pollution, biodistri-
bution, radionuclide metabolism, dose evaluation, and the biological effects of 
internal and external exposure to radiation caused by nuclear disasters. In particu-
lar, experimental studies of low-dose rate (LDR) radiation exposure induced effects 
on spermatogenesis, along with indications from the nuclear disaster in Fukushima, 
will provide a more comprehensive radiobiological understanding of response 
mechanisms leading to improved accuracy in the estimation of human reproduction 
and health risk [14].

The large Japanese field mice (Apodemus speciosus) are rodents endemic to, and 
distributed throughout, Japan [15]. This wild rodent is appropriate for use as a 
reference animal of the ecosystem. Large Japanese field mice live in and around the 
ex-evacuation zone on the ground surface and/or underground. Hence, they are 
exposed to high levels of external radiation. Furthermore, they eat contaminated 
food and drink contaminated water. Consequently, they are directly affected by 
radioactive substances. Therefore, these mice can serve as a model to study the 
effect of radiation exposure, while also serving as a reference animal for the sur-
rounding ecosystem.

Electron probe X-ray microanalysis (EPMA) is a powerful tool used to detect 
trace amounts of chemical elements in single cells and tissues [16]. This method 
measures the characteristic X-ray spectra of specific elements in samples using an 
accelerated electron beam. We previously investigated the effect of chronic LDR 
exposure to 134Cs and 137Cs on the testis of euthanised bulls, boars, and inobutas 
from the evacuation zone [3, 7].

Discharge of 134Cs and 137Cs that emit γ- and β-rays is of primary concern, 
because they were released in a large amount and have a long half-life. In this study, 
we evaluated the heavy contamination levels of LDR effects of 134Cs and 137Cs 
(between 4848 and 70,200 Bq/kg) on the large Japanese field mice after the FDNPP 
accident.

2. Materials and methods

2.1 Collections of large Japanese field mice

The study protocol followed laboratory animal care guidelines, and all proce-
dures were conducted in accordance with the guideline of the Ethics Committee 
for Care and Use of Laboratory Animals for Research of Niigata University, 
Japan (approval number: H2611). Large Japanese field mice were captured using 
Sherman traps (H.B. Sherman Traps, Inc., Tallahassee, FL, USA) at three sites, 
Akogi, Ide, and Omaru of Namie town in the ex-evacuation zone of the FDNPP 
accident in November 2012, April 2013, and April 2016 (Figure 1). Control 
large Japanese mice were captured using Sherman traps in May 2012, November 
2015, and April 2016 in Aomori Prefecture, and April and May 2016 in Niigata 
Prefecture. The ambient dose rate was measured at the sampling sites using NaI 
(Tl) scintillation survey meter TCS-171B (Hitachi Aloka Medical, Ltd., Tokyo, 
Japan) at the height of 1 m. The measurements were expressed as micrograys per 
hour at 1 m above the ground.
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2.2 Measurement of radioactivity

Radioactivities of the organ samples were determined via gamma-ray spectrom-
etry using high-purity germanium (HPGe) detector (GEM40P4-83, Ortec Co., Oak 
Ridge, TN, USA) as described previously [10]. The duration of the measurement 
varied from 110,600 to 663,400 s, depending on the radioactivity of the sample. 
Absolute efficiency of the detector was determined with the standard point sources 
of 137Cs (10 kBq, CS402) and 152Eu (10 kBq, EU402, Japan Isotope Association, 
Tokyo, Japan). The samples were placed in a small space (1 mm thick and 6 mm 
diameter) which is the same size as the standard point sources. A nuclide was 
identified when its characteristic photopeak 3σ above the baseline observed in the 
spectrum. The activities due to decay were corrected to the sampling dates.

2.3 Morphological assessment of testes cells

The testes were fixed in Bouin’s solution, embedded in paraffin, and stained 
using haematoxylin and eosin (H&E), according to standard protocols, as described 
by Takino et al. [11]. Subsequently, the testes were briefly dehydrated in different 
concentrations of alcohol. The testes were made transparent by using toluene, and 
then, then they were embedded in paraffin and cut into 5 μm-thick sections before 
staining.

2.4 Electron probe X-ray microanalysis

Qualitative analysis: An analytical method was used to investigate the composi-
tion of the sample to be analysed. From 6B to 92U can be measured with a combina-
tion of analytical crystal to be used. The analysis conditions were as follows: voltage 
was set to 15 kV, beam current was 100 nA, beam size was minimum, sample 
current was 92.8 nA, and time 30 ms/point (Figure 2).

Elements analysis: Chemical trace analyses of caesium (Cs), sulphur (S), and 
nitrogen (N) in the testes were performed using a Shimadzu 1720HT electron 
probe micro-analyser (Shimadzu Corporation, Tokyo, Japan) equipped for X-ray 
spectrometry and specifically adapted for the examination of ultrathin sections. 
Accordingly, 3 μm of each testis section was placed on the carbon plate, and 

Figure 1. 
Sampling site of in Namie town, Niigata and Aomori. Akogi, Ide and Omaru of Namie town in the 
ex-evacuation zone of the FDNPP accident is shown in yellow.
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Ionizing and Non-ionizing Radiation

174

subsequently, each section was carbon coated for the electrification of samples 
(Biopathology Institute Co., Ltd., Oita, Japan). For the analysis, the voltage of 
the electron microscope was set to 15 kV, and the electron beam rate was set to 
100 nA. Other parameters were beam size minimum × region (260 × 195 μm) 
and time (30 ms/point). The sections were viewed as secondary electron images, 
and chemical elemental mapping was performed. We performed EPMA analysis 
duplicate including test analysis.

3. Results and discussion

To date, low-dose radiation effects on physiological processes including sper-
matogenesis remain unclear. Further studies are required to confirm these low-dose 
radiation effects [14].

In the present study, we examined the effects of LDR exposure associated 
with the FDNPP accident on the testes of large Japanese field mice from different 
contaminated areas in the ex-evacuation zone, at Namie town in Fukushima. The 
ambient dose rate at Akogi was 26.9 μGy/h in November 2012, and 15.2 μGy/h in 
April 2013. The dose rate at Omaru was 12.3 μGy/h in April 2016. The dose rate at 
Ide was 16.4 μGy/h in April 2013, and 5.3 μGy/h in April 2016 (Table 1).

The 134Cs and 137Cs radioactivity concentrations (Bq/kg) in large Japanese field 
mice organ samples were detected via gamma-ray spectrometry by using an HPGe 
detector (Table 1). The total radioactivity concentrations of 134Cs and 137Cs in 
large Japanese field mice organ samples from Omaru were 2510, 2750, 3860, and 
37,630 Bq/kg. Those from Ide were 10,820 and 16,550 Bq/kg, and this level is highly 
contaminated for the large Japanese field mice in the ex-evacuation zone.

Okano et al. [17] reported that, although the concentrations of 134Cs and 137Cs in 
wild mice from Fukushima exceeded 4000 Bq/kg, there were no significant dif-
ferences in the frequencies of apoptotic cells or morphologically abnormal sperm 
when compared with wild mice from the non-contaminated control area. However, 
Kawagoshi et al. [18] reported that the average frequencies of chromosomal 
aberrations in splenic lymphocytes of animals living in the heavily contaminated 
(approximately 3 mGy/day) area of Fukushima were higher than those of animals 
from the non-contaminated, slightly contaminated (approximately 0.03 mGy/day), 
and moderately contaminated (approximately 1 mGy/day) areas. Moreover, the 

Figure 2. 
Result of qualitative analysis by EPMA.
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aberration frequency in individual wild mice tended to increase with the estimated 
dose rates and accumulated doses. Takino et al. [11] reported that enhanced sper-
matogenesis occurred in large Japanese field mice living in and around the ex-
evacuation zone of FDNPP. It remains to be elucidated whether the phenomenon, 
which is attributable to chronic LDR exposure, has a beneficial or adverse effect on 
large Japanese field mice.

Morphological analysis of testes based on H&E staining showed that the 
stages of the seasonal reproductive cycle were classified into reproductive, 
non-reproductive, and transition periods (Figure 3A–D; 1). During the reproduc-
tive seasons of the large Japanese field mice from Ide, spermatogonia, primary 
spermatocyte, secondary spermatocyte, and sperm were observed (Figure 3B). 
Interestingly, spermatogenesis was also observed normally in the breeding season 
of wild mice in the heavily contaminated area of Omaru (Figure 3C). Moreover, it 
was confirmed that the regression of sperm and seminiferous tubules during the 
non-breeding season of the wild mice in the most heavily contaminated area of 
Akogi were normally observed (Figure 3D).

Figure 3A–D (images 4–6) presents the phase maps obtained using the EPMA 
indicating micro-constituent concentrations namely, Cs, S and N. Colour imaging 
rapidly and effectively facilitates the overall analysis of the composite structure; specifi-
cally, decreasing levels of metal distribution are indicated from red to blue. Cs was not 
detected in all testes of wild mice from Ide, Akogi, and Omaru (Figure 3A–D: images 4). 
In the breeding samples, sulphur was detected inside seminiferous tubules, especially in 
sperm and was detected around the seminiferous tubules in the non-breeding seasons 
(Figure 3A–D: images 5). Nitrogen was detected inside both the seminiferous tubules 
and membranes (Figure 3A–D: images 6).

In conclusion, even if the testes and the process of spermatogenesis are 
hypersensitive to radiation, there were no significant radiation effects on the 

Area Large Japanese field mice Sampling date Ambient 
dose rate 
(μGy/h)

Body 
weight 

(g)

Radioactive concentration of 
134Cs and 137Cs

No. ID Site 134Cs 
(Bq/kg)

137Cs 
(Bq/kg)

Total 
(Bq/kg)

Fukushima 1 215 Akogi 11/6/2012 26.9 23.5 – – –

2 260 19/04/2013 15.2 32.4 – – –

3 572 Omaru 12/4/2016 12.3 36.2 580 2880 3460

4 575 12/4/2016 12.3 29.2 500 2250 2750

5 590 12/4/2016 12.3 10.8 690 3170 3860

6 594 12/4/2016 12.3 28.1 460 2050 2510

7 595 12/4/2016 12.3 44.5 6360 31,270 37,630

8 257 Ide 19/04/2013 16.4 30.2 – – –

9 596 12/4/2016 5.3 50.1 1960 8860 10,820

10 597 12/4/2016 5.3 43.5 2990 13,560 16,550

Aomori 
(control)

11 150 Hirosaki 29/05/2012 – 37 – – –

Niigata 
(control)

12 2721 Kakuta 20/11/2015 – 34.2 – – –

13 2811 18/04/2016 43.8

Table 1. 
Individual information for large Japanese field mice.
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matogenesis occurred in large Japanese field mice living in and around the ex-
evacuation zone of FDNPP. It remains to be elucidated whether the phenomenon, 
which is attributable to chronic LDR exposure, has a beneficial or adverse effect on 
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tive seasons of the large Japanese field mice from Ide, spermatogonia, primary 
spermatocyte, secondary spermatocyte, and sperm were observed (Figure 3B). 
Interestingly, spermatogenesis was also observed normally in the breeding season 
of wild mice in the heavily contaminated area of Omaru (Figure 3C). Moreover, it 
was confirmed that the regression of sperm and seminiferous tubules during the 
non-breeding season of the wild mice in the most heavily contaminated area of 
Akogi were normally observed (Figure 3D).

Figure 3A–D (images 4–6) presents the phase maps obtained using the EPMA 
indicating micro-constituent concentrations namely, Cs, S and N. Colour imaging 
rapidly and effectively facilitates the overall analysis of the composite structure; specifi-
cally, decreasing levels of metal distribution are indicated from red to blue. Cs was not 
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In the breeding samples, sulphur was detected inside seminiferous tubules, especially in 
sperm and was detected around the seminiferous tubules in the non-breeding seasons 
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spermatogenesis and Cs in the examined large Japanese field mice testes following 
chronic LDR radiation exposure associated with the FDNPP accident.
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Figure 3. 
Elements analysis of large Japanese field mice testis. A. Control (ID 2811), B. Ide (ID 596), C. Akogi (ID 215), 
and D. Omaru (ID 595). (1) H & E staining images of testis. (2) Stereo-microscopy images. (3) Composite 
backscattered microscopy images. (4) Colour map images of Cs (caesium). (5) Colour map images of S 
(sulphur). (6) Colour map images of N (nitrogen).
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Chapter 10

Environmental Radiation: Natural
Radioactivity Monitoring
Isam Salih Mohamed Musa

Abstract

People are continuously exposed to ionizing radiation from many sources,
including natural radioactive substances that are produced in the atmosphere and
on Earth, in addition to radionuclides manufactured for various applications.
Exposures vary among different places depending on many parameters. There are
regions with considerably high natural background radiation while most places
classified as low to medium levels. This noticeable interest pronounced worldwide
is radioactivity monitoring and wide surveys by many countries. This is useful for
the assessment of public as well as creating baseline if changes in the levels due to
activities and practices take place. Good management of protecting the environ-
ment is to establish baseline data of high quality with efficient measurements.
Natural radioactivity monitoring in view of radiation and environmental protection
is presented in this chapter. It will shed the light on rapid methods describing the
measurement of radionuclides and assessment of exposure to human. It presents a
summary of methods of radiation dose calculations that individual may be exposed
with some numerical examples. The chapter also presents methods for predicting
the spatial distribution of radiological quantities using geographical information
system. Environmental measurements may be costly and time-consuming practices;
hence, thoughts to reduce time force itself in this chapter.

Keywords: environmental radioactivity, monitoring, gamma spectrometry,
ambient dose, absorbed dose, GIS, geostatistics

1. Introduction

Our planet, the earth, is a wonderful place and has been suitable to live on its
surface for thousands of years; it obliges us to preserve and nurture it. As invest-
ment volumes continue to grow in the globalized economy, environmental shadows
are intersecting more and more on this planet. The concept of sustainable develop-
ment, which generally means meeting the needs of the present without assaulting
the rights of future generations, is addressed and implemented by many countries
to manage the environment in an equal manner. However, there are some nations
that achieve growth for their economies without regard to the adverse effects on the
open environment. Nuclear and related applications became available everywhere
to solve many problems of humanity. These applications, if not managed correctly,
may lead to adverse effects of contaminating our environment by adding radioac-
tive materials to already existing radioactivity of natural origin. So that our future
generations and we will not be the victims of the various contaminations with
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hazards, we must preserve our environment. Many models arise when large com-
panies offer their products without paying attention to long-term effects on human
health or environmental stability. Some states allow the export of banned products
or remainders inside the country because they are not safe in domestic use. In that
regard, there are some talk about agreements to bury dangerous waste (e.g., radio-
active waste in deserts). We recognize this by developing appropriate solutions and
standards to perform the required tasks. These procedures often require the avail-
ability of accurate information and must be much easier to facilitate making deci-
sions. The environmental radiation monitoring, for example, requires a variety of
measurements, so it needs development of equipment capable of performing fast
and accurate measurements on demand in addition to training of people that deals
with radioactive materials.

2. Natural radioactivity

In nature, there are important components that cast a shadow over the existing
development of humankind such as uranium, which contributed greatly to the
generation of electricity around the world. This element, in addition to other natural
radionuclides, believed to be originated during the supernova explosion millions of
years ago and/or alien to the earth where it was formed in the fusion of neutron
stars, eventually makes its way into the earth crust. Natural radioactivity is a term
used to describe the levels of naturally occurring radionuclides in different envi-
ronmental compartments, originated either from cosmic (e.g., 14C and 3H) or ter-
restrial radiation. In addition to radioactive potassium (40K), the terrestrial
radionuclides include those contained in four known decays series, namely, ura-
nium, thorium, actinium, and neptunium, which start with 238U, 232Th, 235U, and
237Np, respectively. They comprise 18, 11, 16, and 12 radionuclides, respectively.
The most abundant in significant levels in our environment are those from 238U and
232Th series. It is believed that in the history of the earth, the crust was enriched in
uranium in the beginning; then, the rise of oxygen had oxidized uranium leading to
the transfer of huge amount to the oceans and by some natural processes back to the
mantle [1, 2]. The processes involved led to spatial distribution of uranium and its
decay products. No matter how these theories and assumptions are exact, they give
a picture of the approach we can only prove their validity by experiments.

Natural environmental radioactivity arises primarily not only from uranium, as
mentioned above, but includes also other nuclides, such as thorium series and
potassium, which occur at trace levels in all formations. These radionuclides are
believed to be formed by the process of nucleosynthesis in stars and are character-
ized by half-lives that are comparable to the age of the earth.

It has been recognized that there are some places with large inhabitants that
encompass high levels of background radiation in environmental compartments.
Great interest given worldwide for the study of naturally occurring radionuclides
has led to the performance of broad investigations in many countries [3–10].
Investigators attempted to correlate the distributions of natural radionuclides with
some settings such as geology, soil characteristics, etc. Such surveys can be useful
for both the assessment of dose rates and the exploit of epidemiological studies, as
well as to keep reference-data histories and to determine possible changes in the
environmental radioactivity due to nuclear, industrial, or any other practices. What
matters to us is to deal with the current reality of taking advantage of natural
resources without disruption and tampering with our environment. The accurate
determination of isotopes in environmental media presents a significant contest.
Thanks to the technology that offered today many nuclear and related techniques
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for evaluating isotopes in the environment in efficient manner. Depending on the
isotope, the analytical technique is selected (alpha, beta, or gamma emitter).

Gamma radiation emitted from naturally occurring radioisotopes, also called
terrestrial background radiation, represents the main external source of irradiation
of the human body. Natural environmental radioactivity and the associated external
exposure due to gamma radiation depend primarily on the geological and geo-
graphical conditions, as reported at different levels in the soils of different regions
around the world [11–13]. The specific levels of terrestrial environmental radiation
are related to the geological composition of each lithologically separated area and to
the content in thorium (Th), uranium (U), and potassium (K) of the rock from
which the soils originate in each area.

2.1 Radiation protection from natural sources

This topic received some interests by many researchers in the field. Regardless of
the general situation of safety and exposures, there are a number of conceptual
issues, which remain open. That may include better revision of the protection
concepts to cope with conditions of long-term chronic exposure resulting from
natural sources. Developing real-world methodologies for the assessment and regu-
lation of situations where there is a potential of exposure and addressing long-term
safety aspects of radioactive waste of natural origin deem necessary. For decades,
several studies have been conducted on the behavior of radionuclides in the envi-
ronment and their transfer to humans through ecological and food chains. Most
research focused on the contamination of the food chain release to the environment
and development of mathematical models to describe environmental transport and
assessment of general exposure. Continuing basic biological research is of particular
importance to progress in protecting human, animal, and the environment from the
hazards of radiation, so it should be strongly supported. However, it is also impor-
tant to allow epidemiology, especially studies of low-dose populations, and to
improve understanding of environmental phenomena as they relate to radiation
protection, so as not to throw our hands at risk.

Many practices nowadays may increase the risk of surface contamination by
radioactivity which needs control, such as oil exploration leading to NORMs, phos-
phate fertilizers, and illegal disposal of radioactive wastes in remote areas. Environ-
mental monitoring can afford valuable means for understanding the distribution of
natural worries of the ecological system. It is therefore importantly needed to
increase our knowledge of the system by better means and offer adequate informa-
tion to regulators, decision-makers, and the public. Authorities and investigators
make baseline data such as risk maps to identify areas with low or high concentra-
tions of certain radioactive and nonradioactive elements.

2.2 Environmental samples and sampling

Environmental sample includes anything on the earth (soil, rocks, plants, water,
sediments, air, etc.). It is important that samples taken from any place have to be
representative to that place and care necessity be taken not to cross-contaminate
samples. These precautions include also storing samples in a safe place to prevent
conditions that could change the properties of the sample. Samples shall be kept
sealed during long-term storing or transport. Before sampling a protocol, sampling
strategy has to be set and all records of field sampling are written in a certain
logbook. Simple logbook contains basic information of samples and sampling (date/
time, coordinates, climate conditions, dose rate readings, etc.) It may contain addi-
tional information such as where and how samples are taken. As an example, soil
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samples can be taken using auger with depths up to 20 cm (after removing the top
2–3 cm). Locations of samples have to be pre-defined on approximate map, and
from each location, a set of triplicate samples (as shown in Figure 1) could be taken.
Samples are then prepared for measurements in standard procedures (drying,
grinding, sieving, etc.). Details about sample preparation are described elsewhere
such as the IAEA Technical Report Series No. 295 [14].

2.3 Gamma radiation monitoring

Among other types of radiation, gamma rays are the most penetrating radiation
that are emitted from natural and manufactured sources. This property made
gamma rays easy to detect and measure. Measurements can be made in two man-
ners: total measurements that record gamma rays emitted at different energies from
various sources. These modes are generally used to evaluate the gross levels of the
gamma radiation in fields and to detect the presence of abnormalities in the envi-
ronment. Laboratory analyses, on the other hand, measure both the intensity and
energy of radiation, which enables identification of the source of the radiation.

Gamma radiation monitoring is applied in several fields of science including
geological, geochemical, and mineral exploration, related epidemiological studies,
and environmental science. It allows the interpretation of regional features over
large areas. The monitoring is useful to estimate and assess the terrestrial radiation
dose to the human population and to recognize regions of probable natural radiation
hazard. Radioactive potassium and the uranium and thorium decay series are rela-
tively abundant in the natural environment. They produce gamma rays of sufficient
energies and intensities to be detected by a simple gamma ray spectrometry. Average
crustal abundances of these elements quoted in the literature are in the range 2–2.5%,
2–3 ppm, and 8–12 ppm for potassium, uranium, and thorium, respectively [12].

Regional monitoring provides a base against which contamination from artificial
sources be estimated. For example, regular measurements are conducted around
nuclear facilities such as power plants, hospitals, and mining, industrial, and even
radiowaste sites to provide a baseline against which any unintentional release of
radioactive material can be detected. The gamma ray techniques have been fruit-
fully applied to mapping the fallout from nuclear accidents [15].

Figure 1.
Part of soil sampling area where triplicate samples are found from each location in the area.
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2.4 Gamma ray laboratory

Gamma spectrometry is a system that is equipped with various types of detec-
tors (HPGe, BEGe, LEGe, NaI, etc.), which characterized its specifications for
radioactivity measurements. Germanium detectors are powerful systems used to
measure the radioactivity in environmental samples. They have many advantages
compared to other techniques as, for example, they distinguish many radionuclides
in one single measurement without destruction or chemical modification of the
sample. Simultaneous identification of many radionuclides with specific gamma
energy and high-energy resolution of the germanium detectors allows measure-
ments of complex combinations of gamma emitters. Figure 2 shows typical gamma
spectrum taken for environmental sample.

It is important to know what counting statistics is used to optimize counting
times in view of the influence of background. Depending on detector characteris-
tics, the minimum detectable activity (MDA) at specific energy E is an important
parameter to be calculated for field measurements; this may be given using Eq. (1):

MDA ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R Eð ÞB Eð Þp
ε Eð Þ , (1)

where R(E), B(E), and ε(E) are resolution of the detector (keV), background
(counts/keV), and total efficiency at the specific energy E, respectively.

2.5 In situ ambient dose measurement

Measurements are generally carried out using various radiation survey meters
that can have different detection abilities. The choice of field measuring devices
usually depends on how sensitive these devices are to different energies of different
concentrations of radionuclides in the environment. Quality control has to be
conducted by researcher and investigators to make sure these devices are reliable,
accurate, and precise.

An example of the reliability of field, compared to the laboratory measurements,
will be given here. In a recent survey, a portable dose rate meter device (Radio-
gem2000 with probe [16]) was set to measure dose rates, DF (μSv/h) at 1 meter
above the ground while at the same time taking soil samples from the same

Figure 2.
A typical gamma measurement spectrum obtained using HPGe system.
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locations for laboratory analyses of 238U, 232Th, and 40K in the collected samples.
Ambient dose rates (DC) are calculated from the measurements using Eq. (2):

D nGy=h
� � ¼ 0:4 61AU þ 0:623ATh þ 0:0414AK (2)

where AU, ATh, and AK are the activity concentrations (Bq/kg) of 238U, 232Th,
and 40K, respectively [11].

As shown in Figure 3, a very good linear relationship between field and labora-
tory measurements (calculated absorbed dose) was clearly perceived for about 100
data points with moderate dose rates (DC ≈ 0.7DF, R

2 = 0.97). Of course, this result
could be validated with more measurements. The most important outcome of that
investigation is that at normal situations where the absorbed dose is up to 300 nGy/
h, the field measurements have good agreement with laboratory measurements. It is
therefore safe to rely on the portable devices for routine monitoring. The implica-
tion of that is that many measurements could be performed in a field mission (as the
measurement takes only few minutes long). If levels are high, then sampling and
laboratory measurements force itself.

2.6 Real-time radiation monitoring in the environment

The level of background radiation can be used as a consideration in remedial
actions if contamination occurs. If measured constantly, it gives info about the
trends with time and impact of man-made activities. Hence, it is important to carry
out systematic investigations on ambient gamma dose throughout to establish a
baseline database for future control assessment where it acts as early warning
system.

The early warning system is composed of detectors installed at different locations
and connected to central server over available communication system. Any type of
detector or survey meters could be installed and used to fulfill the requirements.
The advantage of this system is that the authority can create a national radiation
map, showing environmental radiation levels (gross count of the radioactivity)
throughout certain area updated in real time. It allows the citizen (or anyone) to see
what radiation levels are within that specific area at any instance.

Figure 3.
Relationship between field (ambient dose) and laboratory measurements (absorbed dose).
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2.7 Geographical information system (GIS) for radioactivity monitoring

In a simple form, GIS is defined as a set of computer hardware and software
designed to acquire, store, manipulate, display, and report geographically
referenced information for a particular purpose in space. The space is presented by
geographic coordinate systems. Therefore, GIS defines the relationships between
various database information and geographical locations within the location system.
Together with geostatistical tools, GIS is useful to interpolate scatter data by
converting measured points into continuous surfaces. There are several methods
available, the choice of which depends on the data itself. Among these methods it is
worth to mention two methods, namely, inverse distance weighting (IDW) and
kriging.

2.7.1 Inverse distance weighting (IDW)

In this interpolator, the data points are weighted during process so that the
impact of points relative to each other is a function of inverse distance. Weighting is
calculated to data via the use of a weighting power and the radius object. Larger
power means that the adjacent points have the larger influence. Searching radius
could be fixed or variable (with typical values of power around two). This flexibility
allows controlling the interpolation, which may depend on the number of samples
and how they are spatially distributed. One of the drawbacks using this method is
that maxima and minima are always among data points since the inverse distance
weighted interpolation is a smoothing technique by definition. On the other hand, it
is a powerful interpolation technique which leads to reasonable predictions with no
problem with results exceeding the range of meaningful values. Simple or advance
GIS software could be employed to interpolate and validate the results. Validations
are normally expressed as root mean squares error in the correlation between the
predicted and actual values.

2.7.2 Kriging method

This is an advance method that makes a surface from scattered points. It is
sometimes called weighted moving averaging method because it is derived from
regionalized variable theory. It assumes that the variation of a parameter is statisti-
cally correlated all over the area. Kriging derives weights from semivariogram
functions that depict the degree of spatial correlation between data points as a
function of distance and directions between points. The semivariogram adjusts the
way kriging weights are allocated to each data point during interpolation. The
semivariogram γ(h) function is given by Eq. (3):

γ hð Þ ¼ 1
2N hð Þ∑

N

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z xi þ hð Þ � Z xið Þ½ �2

q
(3)

where xi + h and xi are sampling position separated by a vector h, Z(xi) is a
random variable at fixed position xi, and N(h) is the number of data pairs separated
by a vector h. Ordinary kriging is a type of kriging that uses the sampled main
variable to estimate values at unsampled locations. Cokriging, on the other hand,
allows secondary variables to be incorporated in the model assuming that both
primary and secondary variables are correlated [17, 18].

187

Environmental Radiation: Natural Radioactivity Monitoring
DOI: http://dx.doi.org/10.5772/intechopen.85115



locations for laboratory analyses of 238U, 232Th, and 40K in the collected samples.
Ambient dose rates (DC) are calculated from the measurements using Eq. (2):

D nGy=h
� � ¼ 0:4 61AU þ 0:623ATh þ 0:0414AK (2)

where AU, ATh, and AK are the activity concentrations (Bq/kg) of 238U, 232Th,
and 40K, respectively [11].

As shown in Figure 3, a very good linear relationship between field and labora-
tory measurements (calculated absorbed dose) was clearly perceived for about 100
data points with moderate dose rates (DC ≈ 0.7DF, R

2 = 0.97). Of course, this result
could be validated with more measurements. The most important outcome of that
investigation is that at normal situations where the absorbed dose is up to 300 nGy/
h, the field measurements have good agreement with laboratory measurements. It is
therefore safe to rely on the portable devices for routine monitoring. The implica-
tion of that is that many measurements could be performed in a field mission (as the
measurement takes only few minutes long). If levels are high, then sampling and
laboratory measurements force itself.

2.6 Real-time radiation monitoring in the environment

The level of background radiation can be used as a consideration in remedial
actions if contamination occurs. If measured constantly, it gives info about the
trends with time and impact of man-made activities. Hence, it is important to carry
out systematic investigations on ambient gamma dose throughout to establish a
baseline database for future control assessment where it acts as early warning
system.

The early warning system is composed of detectors installed at different locations
and connected to central server over available communication system. Any type of
detector or survey meters could be installed and used to fulfill the requirements.
The advantage of this system is that the authority can create a national radiation
map, showing environmental radiation levels (gross count of the radioactivity)
throughout certain area updated in real time. It allows the citizen (or anyone) to see
what radiation levels are within that specific area at any instance.

Figure 3.
Relationship between field (ambient dose) and laboratory measurements (absorbed dose).

186

Ionizing and Non-ionizing Radiation

2.7 Geographical information system (GIS) for radioactivity monitoring

In a simple form, GIS is defined as a set of computer hardware and software
designed to acquire, store, manipulate, display, and report geographically
referenced information for a particular purpose in space. The space is presented by
geographic coordinate systems. Therefore, GIS defines the relationships between
various database information and geographical locations within the location system.
Together with geostatistical tools, GIS is useful to interpolate scatter data by
converting measured points into continuous surfaces. There are several methods
available, the choice of which depends on the data itself. Among these methods it is
worth to mention two methods, namely, inverse distance weighting (IDW) and
kriging.

2.7.1 Inverse distance weighting (IDW)

In this interpolator, the data points are weighted during process so that the
impact of points relative to each other is a function of inverse distance. Weighting is
calculated to data via the use of a weighting power and the radius object. Larger
power means that the adjacent points have the larger influence. Searching radius
could be fixed or variable (with typical values of power around two). This flexibility
allows controlling the interpolation, which may depend on the number of samples
and how they are spatially distributed. One of the drawbacks using this method is
that maxima and minima are always among data points since the inverse distance
weighted interpolation is a smoothing technique by definition. On the other hand, it
is a powerful interpolation technique which leads to reasonable predictions with no
problem with results exceeding the range of meaningful values. Simple or advance
GIS software could be employed to interpolate and validate the results. Validations
are normally expressed as root mean squares error in the correlation between the
predicted and actual values.

2.7.2 Kriging method

This is an advance method that makes a surface from scattered points. It is
sometimes called weighted moving averaging method because it is derived from
regionalized variable theory. It assumes that the variation of a parameter is statisti-
cally correlated all over the area. Kriging derives weights from semivariogram
functions that depict the degree of spatial correlation between data points as a
function of distance and directions between points. The semivariogram adjusts the
way kriging weights are allocated to each data point during interpolation. The
semivariogram γ(h) function is given by Eq. (3):

γ hð Þ ¼ 1
2N hð Þ∑

N

i¼1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Z xi þ hð Þ � Z xið Þ½ �2

q
(3)

where xi + h and xi are sampling position separated by a vector h, Z(xi) is a
random variable at fixed position xi, and N(h) is the number of data pairs separated
by a vector h. Ordinary kriging is a type of kriging that uses the sampled main
variable to estimate values at unsampled locations. Cokriging, on the other hand,
allows secondary variables to be incorporated in the model assuming that both
primary and secondary variables are correlated [17, 18].

187

Environmental Radiation: Natural Radioactivity Monitoring
DOI: http://dx.doi.org/10.5772/intechopen.85115



2.7.3 Example of prediction

Figure 4 shows a typical example to predict unsampled places from randomly
scattered data points of measured ambient dose (figure to the left). Both interpola-
tor methods IDW and kriging were used to create continuous surface of this
parameter as shown in middle and right figures, respectively. These maps (easy to
visualize if there are trends) could be used as a guide for any future studies; it can be
improved and updated.

2.8 Radon monitoring

Radon is a naturally occurring radionuclide that is found in the environment as a
member of the natural decay series of uranium. The 222Rn, including its progeny, is
one of the most significant natural sources from a viewpoint of human radiation
exposure to the population. Exposure to high concentrations of radon has been
correlated to lung cancers, although the effect of low radiation doses is not well
defined. The importance of environmental 222Rn data were pointed out in the
UNSCEAR reports [11–13]. As an alpha emitter, the indoor 222Rn can be measured
using detectors that estimate alpha particles or via its decay products that emit
alpha, beta, or gamma rays. Many techniques have been developed to measure
radon in the environment. Charcoal canister technique and solid-state nuclear track
detector (SSNTD) are common methods in use to evaluate radon in passive mode.
The radiation doses due to radon inhalation are calculated according to the ICRP
assumption of equilibrium factor (the quotient of the equilibrium equivalent con-
centration to the 222Rn concentration) of 0.4 and assuming 5700 h spent indoors
annually.

2.9 Assessment of external hazards

In addition to absorbed dose calculated from Eq. (2), the following additional
hazard index parameters are, generally, evaluated using field or laboratory mea-
surements to assess the risk of exposure due to natural radioactivity.

2.9.1 Annual effective dose (E)

The annual effective dose is a quantity that is introduced in the field of radiation
protection for dose limitation, defined as organ or tissue weighted sum of equiva-
lent dose in 1 year (averaged for the whole body) considering type of radiation. It
represents the stochastic risk (probability of getting cancer [estimated as 5 � 10�2

Figure 4.
Converting scattered measured ambient dose to continuous surface using inverse distance weighting (IDW) and
kriging geostatistical methods.
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per sievert] and genetic defects). For people living in a certain area, the annual
effective dose could be calculated using Eq. (4) [12]:

E mSv=y
� � ¼ D nGy=h

� �� 24 h� 365:25 d� 0:2� 0:7 Sv=Gy
� �

(4)

where 0.7 is the absorbed/ambient dose conversion factor and 0.2 is the outdoor
occupancy.

Example 1: About 100 soil samples were collected from an area, measured by gamma spectrometry
which showed the following average results: 80 � 7, 91 � 21, and 573 � 89 (Bq/kg) for 238U, 232Th, and
40K, respectively. Estimate the annual effective dose for people living in this area spending 60% of their
time indoor.

Solution: First we calculate the absorbed dose using Eq. (2):
D = 0.461x80 + 0.623x91 + 0.0414x573 = 117 nGy/h

This can then be converted into annual effective dose using Eq. (4):
E ≈ 0.3 mSv/y

2.9.2 External hazard index (hex)

This index is calculated using Eq. (5) [19]:

Hex ¼ ARa

370
þ ATh

259
þ AK

4810
(5)

Example 2: In example 1 above, calculate the external hazard index.
Solution:

Hex ¼ 80
370 þ 91

259 þ 573
4810 = 0.69,

less than unity (the recommended limit for external exposure).

2.9.3 Excess lifetime cancer risk (ELCR)

Cancer risk can be estimated using Eq. (6) [12, 20]:

ELCR ¼ E�DL� RF (6)

where DL is the life expectancy (in years) and RF is the cancer risk factor for
each sievert [21], which is of order 0.05 for the public.

Example 3: In example 1 above, estimate cancer risk for a person living in that area.
Solution:
Assuming the average life expectancy of people in this area is 65 years, then using Eq. (6) the lifetime

cancer risk is calculated as
ELCR = 0.3 � 10�3 � 65 � 5 � 10�2 = 9.8 � 10�4 ≈ 10�3

3. Conclusion

The chapter describes the importance of radioactivity monitoring to preserve
our environment. It sheds the light on methods designated for the measurement of
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natural radionuclides in the environment and assessment of radiation exposure to
human in different situations. In addition to measurements and surveys, the chap-
ter presents a summary of some methods of radiation dose calculations that the
individual may be exposed to. As is difficult to measure everywhere, the chapter
also presents methods for estimating and predicting the spatial distribution of
radiological quantities. The use of a geographical information system, GIS, and
geostatistical methods to create maps facilitates the evaluation and assessment of
radioactivity in the environment. Environmental measurements may be costly and
time-consuming practices; hence, thoughts to reduce time and efforts are given in
this chapter where at normal levels portable simple equipment proved useful.
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natural radionuclides in the environment and assessment of radiation exposure to
human in different situations. In addition to measurements and surveys, the chap-
ter presents a summary of some methods of radiation dose calculations that the
individual may be exposed to. As is difficult to measure everywhere, the chapter
also presents methods for estimating and predicting the spatial distribution of
radiological quantities. The use of a geographical information system, GIS, and
geostatistical methods to create maps facilitates the evaluation and assessment of
radioactivity in the environment. Environmental measurements may be costly and
time-consuming practices; hence, thoughts to reduce time and efforts are given in
this chapter where at normal levels portable simple equipment proved useful.
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