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NOTE TO THE READER

The term ‘carcinogenic risk’ in the JARC Monographs series is taken to mean that an agent is
capable of causing cancer. The Monographs evaluate cancer hazards, despite the historical presence
of the word ‘risks’ in the title.

Inclusion of an agent in the Monographs does not imply that it is a carcinogen, only that the
published data have been examined. Equally, the fact that an agent has not yet been evaluated in a
Monograph does not mean that it is not carcinogenic. Similarly, identification of cancer sites with
sufficient evidence or limited evidence in humans should not be viewed as precluding the possibility
that an agent may cause cancer at other sites.

The evaluations of carcinogenic risk are made by international working groups of independent
scientists and are qualitative in nature. No recommendation is given for regulation or legislation.

Anyone who is aware of published data that may alter the evaluation of the carcinogenic risk
of an agent to humans is encouraged to make this information available to the Section of IARC
Monographs, International Agency for Research on Cancer, 150 cours Albert Thomas, 69372 Lyon
Cedex 08, France, in order that the agent may be considered for re-evaluation by a future Working
Group.

Although every effort is made to prepare the Monographs as accurately as possible, mistakes may
occur. Readers are requested to communicate any errors to the Section of IARC Monographs, so that
corrections can be reported in future volumes.
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PREAMBLE

The Preamble to the JARC Monographs describes the objective and scope of the programme,
the scientific principles and procedures used in developing a Monograph, the types of
evidence considered and the scientific criteria that guide the evaluations. The Preamble
should be consulted when reading a Monograph or list of evaluations.

A. GENERAL PRINCIPLES AND
PROCEDURES

1. Background

Soon after IARC was established in 1965, it
received frequent requests for advice on the car-
cinogenic risk of chemicals, including requests
for lists of known and suspected human carcino-
gens. It was clear that it would not be a simple
task to summarize adequately the complexity of
the information that was available, and IARC
began to consider means of obtaining interna-
tional expert opinion on this topic. In 1970, the
IARC Advisory Committee on Environmental
Carcinogenesis recommended °...that a com-
pendium on carcinogenic chemicals be pre-
pared by experts. The biological activity and
evaluation of practical importance to public
health should be referenced and documented.’
The IARC Governing Council adopted a resolu-
tion concerning the role of IARC in providing
government authorities with expert, independ-
ent, scientific opinion on environmental carcino-
genesis. As one means to that end, the Governing
Council recommended that IARC should prepare
monographs on the evaluation of carcinogenic

risk of chemicals to man, which became the ini-
tial title of the series.

In the succeeding years, the scope of the pro-
gramme broadened as Monographs were devel-
oped for groups of related chemicals, complex
mixtures, occupational exposures, physical and
biological agents and lifestyle factors. In 1988,
the phrase ‘of chemicals’ was dropped from
the title, which assumed its present form, JARC
Monographs on the Evaluation of Carcinogenic
Risks to Humans.

Through the Monographs programme, IARC
seeks to identify the causes of human cancer. This
is the first step in cancer prevention, which is
needed as much today as when IARC was estab-
lished. The global burden of cancer is high and
continues to increase: the annual number of new
cases was estimated at 10.1 million in 2000 and
is expected to reach 15 million by 2020 (Stewart
& Kleihues, 2003). With current trends in demo-
graphics and exposure, the cancer burden has
been shifting from high-resource countries to
low- and medium-resource countries. As a result
of Monographs evaluations, national health agen-
cies have been able, on scientific grounds, to take
measures to reduce human exposure to carcino-
gens in the workplace and in the environment.
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The criteria established in 1971 to evaluate
carcinogenic risks to humans were adopted by the
Working Groups whose deliberations resulted in
the first 16 volumes of the Monographs series.
Those criteria were subsequently updated by fur-
ther ad hoc Advisory Groups (IARC, 1977, 1978,
1979, 1982, 1983, 1987, 1988, 1991; Vainio et al.,
1992; IARC, 2005, 2006).

The Preamble is primarily a statement of sci-
entific principles, rather than a specification of
working procedures. The procedures through
which a Working Group implements these prin-
ciples are not specified in detail. They usually
involve operations that have been established
as being effective during previous Monograph
meetings but remain, predominantly, the pre-
rogative of each individual Working Group.

2. Objective and scope

The objective of the programme is to pre-
pare, with the help of international Working
Groups of experts, and to publish in the form of
Monographs, critical reviews and evaluations of
evidence on the carcinogenicity of a wide range
of human exposures. The Monographs repre-
sent the first step in carcinogen risk assessment,
which involves examination of all relevant infor-
mation to assess the strength of the available evi-
dence that an agent could alter the age-specific
incidence of cancer in humans. The Monographs
may also indicate where additional research
efforts are needed, specifically when data imme-
diately relevant to an evaluation are not available.

In this Preamble, the term ‘agent’ refers to
any entity or circumstance that is subject to
evaluation in a Monograph. As the scope of the
programme has broadened, categories of agents
now include specific chemicals, groups of related
chemicals, complex mixtures, occupational or
environmental exposures, cultural or behav-
ioural practices, biological organisms and physi-
cal agents. This list of categories may expand as
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causation of, and susceptibility to, malignant
disease become more fully understood.

A cancer ‘hazard’ is an agent that is capable
of causing cancer under some circumstances,
while a cancer Trisk’ is an estimate of the carci-
nogenic effects expected from exposure to a can-
cer hazard. The Monographs are an exercise in
evaluating cancer hazards, despite the historical
presence of the word ‘risks’ in the title. The dis-
tinction between hazard and risk is important,
and the Monographs identify cancer hazards
even when risks are very low at current exposure
levels, because new uses or unforeseen exposures
could engender risks that are significantly higher.

In the Monographs, an agent is termed ‘car-
cinogenic’ if it is capable of increasing the inci-
dence of malignant neoplasms, reducing their
latency, or increasing their severity or multiplic-
ity. The induction of benign neoplasms may in
some circumstances (see Part B, Section 3a) con-
tribute to the judgement that the agent is carci-
nogenic. The terms ‘neoplasm’ and ‘tumour’ are
used interchangeably.

The Preamble continues the previous usage
of the phrase ‘strength of evidence’” as a matter
of historical continuity, although it should be
understood that Monographs evaluations con-
sider studies that support a finding of a cancer
hazard as well as studies that do not.

Some epidemiological and experimental
studies indicate that different agents may act at
different stages in the carcinogenic process, and
several different mechanisms may be involved.
The aim of the Monographs has been, from their
inception, to evaluate evidence of carcinogenic-
ity at any stage in the carcinogenesis process,
independently of the underlying mechanisms.
Information on mechanisms may, however, be
used in making the overall evaluation (IARC
1991; Vainio et al., 1992; IARC, 2005, 2006; see
also Part B, Sections 4 and 6). As mechanisms
of carcinogenesis are elucidated, IARC convenes
international scientific conferences to determine
whether a broad-based consensus has emerged




Preamble

on how specific mechanistic data can be used
in an evaluation of human carcinogenicity. The
results of such conferences are reported in IARC
Scientific Publications, which, aslong as they still
reflect the current state of scientific knowledge,
may guide subsequent Working Groups.

Although the Monographs have emphasized
hazard identification, important issues may also
involve dose-response assessment. In many
cases, the same epidemiological and experimen-
tal studies used to evaluate a cancer hazard can
also be used to estimate a dose-response relation-
ship. A Monograph may undertake to estimate
dose-response relationships within the range
of the available epidemiological data, or it may
compare the dose-response information from
experimental and epidemiological studies. In
some cases, a subsequent publication may be pre-
pared by a separate Working Group with exper-
tise in quantitative dose-response assessment.

The Monographs are used by national and
international authorities to make risk assess-
ments, formulate decisions concerning preventive
measures, provide effective cancer control pro-
grammes and decide among alternative options
for public health decisions. The evaluations of
IARC Working Groups are scientific, qualita-
tive judgements on the evidence for or against
carcinogenicity provided by the available data.
These evaluations represent only one part of the
body of information on which public health deci-
sions may be based. Public health options vary
from one situation to another and from country
to country and relate to many factors, including
different socioeconomic and national priorities.
Therefore, no recommendation is given with
regard to regulation or legislation, which are
the responsibility of individual governments or
other international organizations.

3. Selection of agents for review

Agents are selected for review on the basis of
two main criteria: (a) there is evidence of human

exposure and (b) there is some evidence or sus-
picion of carcinogenicity. Mixed exposures may
occur in occupational and environmental set-
tings and as a result of individual and cultural
habits (such as tobacco smoking and dietary
practices). Chemical analogues and compounds
with biological or physical characteristics simi-
lar to those of suspected carcinogens may also
be considered, even in the absence of data on a
possible carcinogenic effect in humans or experi-
mental animals.

The scientific literature is surveyed for pub-
lished data relevant to an assessment of carci-
nogenicity. Ad hoc Advisory Groups convened
by IARC in 1984, 1989, 1991, 1993, 1998 and
2003 made recommendations as to which
agents should be evaluated in the Monographs
series. Recent recommendations are avail-
able on the Monographs programme web site
(http://monographs.iarc.fr). IARC may schedule
other agents for review as it becomes aware of
new scientific information or as national health
agencies identify an urgent public health need
related to cancer.

As significant new data become available
on an agent for which a Monograph exists, a re-
evaluation may be made at a subsequent meeting,
and a new Monograph published. In some cases it
may be appropriate to review only the data pub-
lished since a prior evaluation. This can be useful
for updating a database, reviewing new data to
resolve a previously open question or identifying
new tumour sites associated with a carcinogenic
agent. Major changes in an evaluation (e.g. a new
classification in Group 1 or a determination thata
mechanism does not operate in humans, see Part
B, Section 6) are more appropriately addressed by
a full review.

4. Data for the Monographs

Each Monograph reviews all pertinent epi-
demiological studies and cancer bioassays in
experimental animals. Those judged inadequate
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or irrelevant to the evaluation may be cited but
not summarized. If a group of similar studies is
not reviewed, the reasons are indicated.

Mechanistic and other relevant data are also
reviewed. A Monograph does not necessarily
cite all the mechanistic literature concerning
the agent being evaluated (see Part B, Section
4). Only those data considered by the Working
Group to be relevant to making the evaluation
are included.

With regard to epidemiological studies, can-
cer bioassays, and mechanistic and other relevant
data, only reports that have been published or
accepted for publication in the openly available
scientific literature are reviewed. The same publi-
cation requirement applies to studies originating
from IARC, including meta-analyses or pooled
analyses commissioned by IARC in advance of a
meeting (see Part B, Section 2c). Data from gov-
ernment agency reports that are publicly avail-
able are also considered. Exceptionally, doctoral
theses and other material that are in their final
form and publicly available may be reviewed.

Exposure data and other information on an
agent under consideration are also reviewed. In
the sections on chemical and physical proper-
ties, on analysis, on production and use and on
occurrence, published and unpublished sources
of information may be considered.

Inclusion of a study does not imply accept-
ance of the adequacy of the study design or of
the analysis and interpretation of the results, and
limitations are clearly outlined in square brack-
ets at the end of each study description (see Part
B). The reasons for not giving further considera-
tion to an individual study also are indicated in
the square brackets.

5. Meeting participants

Five categories of participant can be present
at Monograph meetings.
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(a) The Working Group

The Working Group is responsible for the crit-
ical reviews and evaluations that are developed
during the meeting. The tasks of Working Group
Members are: (i) to ascertain that all appropriate
data have been collected; (ii) to select the data rel-
evant for the evaluation on the basis of scientific
merit; (iii) to prepare accurate summaries of the
data to enable the reader to follow the reasoning
of the Working Group; (iv) to evaluate the results
of epidemiological and experimental studies on
cancer; (v) to evaluate data relevant to the under-
standing of mechanisms of carcinogenesis; and
(vi) to make an overall evaluation of the carci-
nogenicity of the exposure to humans. Working
Group Members generally have published sig-
nificant research related to the carcinogenicity of
the agents being reviewed, and IARC uses litera-
ture searches to identify most experts. Working
Group Members are selected on the basis of (a)
knowledge and experience and (b) absence of real
or apparent conflicts of interests. Consideration
is also given to demographic diversity and bal-
ance of scientific findings and views.

(b) Invited Specialists

Invited Specialists are experts who also have
critical knowledge and experience but have
a real or apparent conflict of interests. These
experts are invited when necessary to assist in
the Working Group by contributing their unique
knowledge and experience during subgroup and
plenary discussions. They may also contribute
text on non-influential issues in the section on
exposure, such as a general description of data
on production and use (see Part B, Section 1).
Invited Specialists do not serve as meeting chair
or subgroup chair, draft text that pertains to the
description or interpretation of cancer data, or
participate in the evaluations.
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(c) Representatives of national and
international health agencies

Representatives of national and interna-
tional health agencies often attend meetings
because their agencies sponsor the programme
or are interested in the subject of a meeting.
Representatives do not serve as meeting chair or
subgroup chair, draft any part of a Monograph,
or participate in the evaluations.

(d) Observers with relevant scientific
credentials

Observers with relevant scientific credentials
may be admitted to a meeting by IARC in limited
numbers. Attention will be given to achieving a
balance of Observers from constituencies with
differing perspectives. They are invited to observe
the meeting and should not attempt to influence
it. Observers do not serve as meeting chair or
subgroup chair, draft any part of a Monograph,
or participate in the evaluations. At the meeting,
the meeting chair and subgroup chairs may grant
Observers an opportunity to speak, generally
after they have observed a discussion. Observers
agree to respect the Guidelines for Observers
at JARC Monographs meetings (available at
http://monographs.iarc.fr).

(e) ThelARC Secretariat

The IARC Secretariat consists of scientists
who are designated by IARC and who have rel-
evant expertise. They serve as rapporteurs and
participate in all discussions. When requested by
the meeting chair or subgroup chair, they may
also draft text or prepare tables and analyses.

Before an invitation is extended, each poten-
tial participant, including the IARC Secretariat,
completes the WHO Declaration of Interests to
report financial interests, employment and con-
sulting, and individual and institutional research
support related to the subject of the meeting.
IARC assesses these interests to determine

whether there is a conflict that warrants some
limitation on participation. The declarations are
updated and reviewed again at the opening of
the meeting. Interests related to the subject of
the meeting are disclosed to the meeting par-
ticipants and in the published volume (Cogliano
et al., 2004).

The names and principal affiliations of par-
ticipants are available on the Monographs pro-
gramme web site (http:/monographs.iarc.fr)
approximately two months before each meeting.
It is not acceptable for Observers or third parties
to contact other participants before a meeting or
to lobby them at any time. Meeting participants
are asked to report all such contacts to IARC
(Cogliano et al., 2005).

All participants are listed, with their princi-
pal affiliations, at the beginning of each volume.
Each participant who is a Member of a Working
Group serves as an individual scientist and not as
a representative of any organization, government
or industry.

6. Working procedures

A separate Working Group is responsible for
developing each volume of Monographs. A vol-
ume contains one or more Monographs, which
can cover either a single agent or several related
agents. Approximately one year in advance of the
meeting of a Working Group, the agents to be
reviewed are announced on the Monographs pro-
gramme web site (http://monographs.iarc.fr) and
participants are selected by IARC staff in consul-
tation with other experts. Subsequently, relevant
biological and epidemiological data are collected
by IARC from recognized sources of information
on carcinogenesis, including data storage and
retrieval systems such as PubMed. Meeting par-
ticipants who are asked to prepare preliminary
working papers for specific sections are expected
to supplement the IARC literature searches with
their own searches.
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Industrial associations, labour unions and
other knowledgeable organizations may be
asked to provide input to the sections on produc-
tion and use, although this involvement is not
required as a general rule. Information on pro-
duction and trade is obtained from governmen-
tal, trade and market research publications and,
in some cases, by direct contact with industries.
Separate production data on some agents may
not be available for a variety of reasons (e.g. not
collected or made public in all producing coun-
tries, production is small). Information on uses
may be obtained from published sources but is
often complemented by direct contact with man-
ufacturers. Efforts are made to supplement this
information with data from other national and
international sources.

Six months before the meeting, the mate-
rial obtained is sent to meeting participants to
prepare preliminary working papers. The work-
ing papers are compiled by IARC staff and sent,
before the meeting, to Working Group Members
and Invited Specialists for review.

The Working Group meets at TARC for seven
to eight days to discuss and finalize the texts
and to formulate the evaluations. The objectives
of the meeting are peer review and consensus.
During the first few days, four subgroups (cov-
ering exposure data, cancer in humans, cancer
in experimental animals, and mechanistic and
other relevant data) review the working papers,
develop a joint subgroup draft and write sum-
maries. Care is taken to ensure that each study
summary is written or reviewed by someone
not associated with the study being considered.
During the last few days, the Working Group
meets in plenary session to review the subgroup
drafts and develop the evaluations. As a result,
the entire volume is the joint product of the
Working Group, and there are no individually
authored sections.

IARC Working Groups strive to achieve a
consensus evaluation. Consensus reflects broad
agreement among Working Group Members, but
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not necessarily unanimity. The chair may elect
to poll Working Group Members to determine
the diversity of scientific opinion on issues where
consensus is not readily apparent.

After the meeting, the master copy is verified
by consulting the original literature, edited and
prepared for publication. The aim is to publish
the volume within six months of the Working
Group meeting. A summary of the outcome is
available on the Monographs programme web
site soon after the meeting.

B. SCIENTIFIC REVIEW AND
EVALUATION

The available studies are summarized by the
Working Group, with particular regard to the
qualitative aspects discussed below. In general,
numerical findings are indicated as they appear
in the original report; units are converted when
necessary for easier comparison. The Working
Group may conduct additional analyses of the
published data and use them in their assessment
of the evidence; the results of such supplemen-
tary analyses are given in square brackets. When
an important aspect of a study that directly
impinges on its interpretation should be brought
to the attention of the reader, a Working Group
comment is given in square brackets.

The scope of the IJARC Monographs pro-
gramme has expanded beyond chemicals to
include complex mixtures, occupational expo-
sures, physical and biological agents, lifestyle
factors and other potentially carcinogenic expo-
sures. Over time, the structure of a Monograph
has evolved to include the following sections:

Exposure data

Studies of cancer in humans

Studies of cancer in experimental animals
Mechanistic and other relevant data
Summary

Evaluation and rationale
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In addition, a section of General Remarks at
the front of the volume discusses the reasons the
agents were scheduled for evaluation and some
key issues the Working Group encountered dur-
ing the meeting.

This part of the Preamble discusses the types
of evidence considered and summarized in each
section of a Monograph, followed by the scientific
criteria that guide the evaluations.

1. Exposure data

Each Monograph includes general informa-
tion on the agent: this information may vary sub-
stantially between agents and must be adapted
accordingly. Also included is information on
production and use (when appropriate), meth-
ods of analysis and detection, occurrence, and
sources and routes of human occupational and
environmental exposures. Depending on the
agent, regulations and guidelines for use may be
presented.

(a) General information on the agent

For chemical agents, sections on chemical
and physical data are included: the Chemical
Abstracts Service Registry Number, the latest pri-
mary name and the IUPAC systematic name are
recorded; other synonyms are given, but the list
is not necessarily comprehensive. Information
on chemical and physical properties that are rel-
evant to identification, occurrence and biologi-
cal activity is included. A description of technical
products of chemicals includes trade names, rel-
evant specifications and available information
on composition and impurities. Some of the
trade names given may be those of mixtures in
which the agent being evaluated is only one of
the ingredients.

For biological agents, taxonomy, struc-
ture and biology are described, and the degree
of variability is indicated. Mode of replication,
life cycle, target cells, persistence, latency, host

response and clinical disease other than cancer
are also presented.

For physical agents that are forms of radia-
tion, energy and range of the radiation are
included. For foreign bodies, fibres and respir-
able particles, size range and relative dimensions
are indicated.

For agents such as mixtures, drugs or lifestyle
factors, a description of the agent, including its
composition, is given.

Whenever appropriate, other information,
such as historical perspectives or the description
of an industry or habit, may be included.

(b)  Analysis and detection

An overview of methods of analysis and
detection of the agent is presented, including
their sensitivity, specificity and reproducibility.
Methods widely used for regulatory purposes
are emphasized. Methods for monitoring human
exposure are also given. No critical evaluation
or recommendation of any method is meant or
implied.

(c) Production and use

The dates of first synthesis and of first com-
mercial production of a chemical, mixture or
other agent are provided when available; for
agents that do not occur naturally, this informa-
tion may allow a reasonable estimate to be made
of the date before which no human exposure to
the agent could have occurred. The dates of first
reported occurrence of an exposure are also pro-
vided when available. In addition, methods of
synthesis used in past and present commercial
production and different methods of production,
which may give rise to different impurities, are
described.

The countries where companies report pro-
duction of the agent, and the number of compa-
nies in each country, are identified. Available data
on production, international trade and uses are
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obtained for representative regions. It should not,
however, be inferred that those areas or nations
are necessarily the sole or major sources or users
of the agent. Some identified uses may not be
current or major applications, and the coverage
is not necessarily comprehensive. In the case of
drugs, mention of their therapeutic uses does not
necessarily represent current practice nor does it
imply judgement as to their therapeutic efficacy.

(d) Occurrence and exposure

Information on the occurrence of an agent in
the environment is obtained from data derived
from the monitoring and surveillance of levels
in occupational environments, air, water, soil,
plants, foods and animal and human tissues.
When available, data on the generation, per-
sistence and bioaccumulation of the agent are
also included. Such data may be available from
national databases.

Data that indicate the extent of past and pre-
sent human exposure, the sources of exposure,
the people most likely to be exposed and the fac-
tors that contribute to the exposure are reported.
Information is presented on the range of human
exposure, including occupational and environ-
mental exposures. This includes relevant findings
from both developed and developing countries.
Some of these data are not distributed widely and
may be available from government reports and
other sources. In the case of mixtures, indus-
tries, occupations or processes, information is
given about all agents known to be present. For
processes, industries and occupations, a histori-
cal description is also given, noting variations in
chemical composition, physical properties and
levels of occupational exposure with date and
place. For biological agents, the epidemiology of
infection is described.
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(e)  Regulations and guidelines

Statements concerning regulations and
guidelines (e.g. occupational exposure limits,
maximal levels permitted in foods and water,
pesticide registrations) are included, but they
may not reflect the most recent situation, since
such limits are continuously reviewed and modi-
fied. The absence of information on regulatory
status for a country should not be taken to imply
that that country does not have regulations with
regard to the exposure. For biological agents, leg-
islation and control, including vaccination and
therapy, are described.

2. Studies of cancer in humans

This section includes all pertinent epidemio-
logical studies (see Part A, Section 4). Studies of
biomarkers are included when they are relevant
to an evaluation of carcinogenicity to humans.

(a) Types of study considered

Several types of epidemiological study con-
tribute to the assessment of carcinogenicity in
humans — cohort studies, case-control studies,
correlation (or ecological) studies and interven-
tion studies. Rarely, results from randomized tri-
als may be available. Case reports and case series
of cancer in humans may also be reviewed.

Cohort and case-control studies relate indi-
vidual exposures under study to the occurrence of
cancer in individuals and provide an estimate of
effect (such as relative risk) as the main measure
of association. Intervention studies may provide
strong evidence for making causal inferences, as
exemplified by cessation of smoking and the sub-
sequent decrease in risk for lung cancer.

In correlation studies, the units of inves-
tigation are usually whole populations (e.g. in
particular geographical areas or at particular
times), and cancer frequency is related to a sum-
mary measure of the exposure of the population
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to the agent under study. In correlation studies,
individual exposure is not documented, which
renders this kind of study more prone to con-
founding. In some circumstances, however, cor-
relation studies may be more informative than
analytical study designs (see, for example, the
Monograph on arsenic in drinking-water; IARC,
2004).

Insome instances, case reports and case series
have provided important information about the
carcinogenicity of an agent. These types of study
generally arise from a suspicion, based on clinical
experience, that the concurrence of two events —
that is, a particular exposure and occurrence of
a cancer — has happened rather more frequently
than would be expected by chance. Case reports
and case series usually lack complete ascertain-
ment of cases in any population, definition or
enumeration of the population at risk and esti-
mation of the expected number of cases in the
absence of exposure.

The uncertainties that surround the inter-
pretation of case reports, case series and corre-
lation studies make them inadequate, except in
rare instances, to form the sole basis for inferring
a causal relationship. When taken together with
case—control and cohort studies, however, these
types of study may add materially to the judge-
ment that a causal relationship exists.

Epidemiological studies of benign neo-
plasms, presumed preneoplastic lesions and
other end-points thought to be relevant to cancer
are also reviewed. They may, in some instances,
strengthen inferences drawn from studies of
cancer itself.

(b) Quality of studies considered

It is necessary to take into account the pos-
sible roles of bias, confounding and chance in
the interpretation of epidemiological studies.
Bias is the effect of factors in study design or
execution that lead erroneously to a stronger or
weaker association than in fact exists between an

agent and disease. Confounding is a form of bias
that occurs when the relationship with disease is
made to appear stronger or weaker than it truly is
as aresult of an association between the apparent
causal factor and another factor that is associated
with either an increase or decrease in the inci-
dence of the disease. The role of chance is related
to biological variability and the influence of sam-
ple size on the precision of estimates of effect.

In evaluating the extent to which these fac-
tors have been minimized in an individual study;,
consideration is given to several aspects of design
and analysis as described in the report of the
study. For example, when suspicion of carcino-
genicity arises largely from a single small study,
careful consideration is given when interpreting
subsequent studies that included these data in an
enlarged population. Most of these considera-
tions apply equally to case—control, cohort and
correlation studies. Lack of clarity of any of these
aspects in the reporting of a study can decrease
its credibility and the weight given to it in the
final evaluation of the exposure.

First, the study population, disease (or dis-
eases) and exposure should have been well
defined by the authors. Cases of disease in the
study population should have been identified in
a way that was independent of the exposure of
interest, and exposure should have been assessed
in a way that was not related to disease status.

Second, the authors should have taken into
account — in the study design and analysis —
other variables that can influence the risk of dis-
ease and may have been related to the exposure
of interest. Potential confounding by such vari-
ables should have been dealt with either in the
design of the study, such as by matching, or in
the analysis, by statistical adjustment. In cohort
studies, comparisons with local rates of disease
may or may not be more appropriate than those
with national rates. Internal comparisons of fre-
quency of disease among individuals at different
levels of exposure are also desirable in cohort
studies, since they minimize the potential for
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confounding related to the difference in risk fac-
tors between an external reference group and the
study population.

Third, the authors should have reported the
basic data on which the conclusions are founded,
even if sophisticated statistical analyses were
employed. At the very least, they should have
given the numbers of exposed and unexposed
cases and controls in a case—control study and
the numbers of cases observed and expected in
a cohort study. Further tabulations by time since
exposure began and other temporal factors are
also important. In a cohort study, data on all
cancer sites and all causes of death should have
been given, to reveal the possibility of reporting
bias. In a case—control study, the effects of inves-
tigated factors other than the exposure of interest
should have been reported.

Finally, the statistical methods used to obtain
estimates of relative risk, absolute rates of can-
cer, confidence intervals and significance tests,
and to adjust for confounding should have been
clearly stated by the authors. These methods have
been reviewed for case—control studies (Breslow
& Day, 1980) and for cohort studies (Breslow &

Day, 1987).

(c) Meta-analyses and pooled analyses

Independent epidemiological studies of the
same agent may lead to results that are difficult
to interpret. Combined analyses of data from
multiple studies are a means of resolving this
ambiguity, and well conducted analyses can be
considered. There are two types of combined
analysis. The first involves combining summary
statistics such as relative risks from individual
studies (meta-analysis) and the second involves a
pooled analysis of the raw data from the individ-
ual studies (pooled analysis) (Greenland, 1998).

The advantages of combined analyses are
increased precision due to increased sample size
and the opportunity to explore potential con-
founders, interactions and modifying effects

18

that may explain heterogeneity among studies in
more detail. A disadvantage of combined analy-
ses is the possible lack of compatibility of data
from various studies due to differences in sub-
ject recruitment, procedures of data collection,
methods of measurement and effects of unmeas-
ured co-variates that may differ among studies.
Despite these limitations, well conducted com-
bined analyses may provide a firmer basis than
individual studies for drawing conclusions about
the potential carcinogenicity of agents.

IARC may commission a meta-analysis or
pooled analysis that is pertinent to a particular
Monograph (see Part A, Section 4). Additionally,
as a means of gaining insight from the results of
multiple individual studies, ad hoc calculations
that combine data from different studies may
be conducted by the Working Group during
the course of a Monograph meeting. The results
of such original calculations, which would be
specified in the text by presentation in square
brackets, might involve updates of previously
conducted analyses that incorporate the results
of more recent studies or de-novo analyses.
Irrespective of the source of data for the meta-
analyses and pooled analyses, it is important that
the same criteria for data quality be applied as
those that would be applied to individual studies
and to ensure also that sources of heterogeneity
between studies be taken into account.

(d) Temporal effects

Detailed analyses of both relative and abso-
lute risks in relation to temporal variables, such
as age at first exposure, time since first exposure,
duration of exposure, cumulative exposure, peak
exposure (when appropriate) and time since
cessation of exposure, are reviewed and sum-
marized when available. Analyses of temporal
relationships may be useful in making causal
inferences. In addition, such analyses may sug-
gest whether a carcinogen acts early or late in the
process of carcinogenesis, although, at best, they
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allow only indirect inferences about mechanisms
of carcinogenesis.

(e)  Use of biomarkers in epidemiological
studies

Biomarkers indicate molecular, cellular or
other biological changes and are increasingly
used in epidemiological studies for various pur-
poses (IARC, 1991; Vainio et al., 1992; Toniolo
et al., 1997; Vineis et al., 1999; Buffler et al., 2004).
These may include evidence of exposure, of early
effects, of cellular, tissue or organism responses,
of individual susceptibility or host responses,
and inference of a mechanism (see Part B, Section
4b). This is a rapidly evolving field that encom-
passes developments in genomics, epigenomics
and other emerging technologies.

Molecular epidemiological data that identify
associations between genetic polymorphisms
and interindividual differences in susceptibility
to the agent(s) being evaluated may contribute
to the identification of carcinogenic hazards to
humans. If the polymorphism has been demon-
strated experimentally to modify the functional
activity of the gene product in a manner that is
consistent with increased susceptibility, these
data may be useful in making causal inferences.
Similarly, molecular epidemiological studies that
measure cell functions, enzymes or metabolites
that are thought to be the basis of susceptibil-
ity may provide evidence that reinforces biologi-
cal plausibility. It should be noted, however, that
when data on genetic susceptibility originate
from multiple comparisons that arise from sub-
group analyses, this can generate false-positive
results and inconsistencies across studies, and
such data therefore require careful evaluation.
If the known phenotype of a genetic polymor-
phism can explain the carcinogenic mechanism
of the agent being evaluated, data on this pheno-
type may be useful in making causal inferences.

(f)  Criteria for causality

After the quality of individual epidemiologi-
cal studies of cancer has been summarized and
assessed, a judgement is made concerning the
strength of evidence that the agent in question
is carcinogenic to humans. In making its judge-
ment, the Working Group considers several crite-
ria for causality (Hill, 1965). A strong association
(e.g. alarge relative risk) is more likely to indicate
causality than a weak association, although it is
recognized that estimates of effect of small mag-
nitude do not imply lack of causality and may be
important if the disease or exposure is common.
Associations that are replicated in several studies
of the same design or that use different epidemi-
ological approaches or under different circum-
stances of exposure are more likely to represent
a causal relationship than isolated observations
from single studies. If there are inconsistent
results among investigations, possible reasons
are sought (such as differences in exposure), and
results of studies that are judged to be of high
quality are given more weight than those of stud-
ies that are judged to be methodologically less
sound.

If the risk increases with the exposure, this is
considered to be a strong indication of causality,
although the absence of a graded response is not
necessarily evidence against a causal relation-
ship. The demonstration of a decline in risk after
cessation of or reduction in exposure in indi-
viduals or in whole populations also supports a
causal interpretation of the findings.

Several scenarios may increase confidence in
a causal relationship. On the one hand, an agent
may be specific in causing tumours at one site or
of one morphological type. On the other, carci-
nogenicity may be evident through the causation
of multiple tumour types. Temporality, precision
of estimates of effect, biological plausibility and
coherence of the overall database are consid-
ered. Data on biomarkers may be employed in
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an assessment of the biological plausibility of epi-
demiological observations.

Although rarely available, results from rand-
omized trials that show different rates of cancer
among exposed and unexposed individuals pro-
vide particularly strong evidence for causality.

When several epidemiological studies show
little or no indication of an association between
anexposureand cancer, ajudgement maybe made
that, in the aggregate, they show evidence of lack
of carcinogenicity. Such a judgement requires
first that the studies meet, to a sufficient degree,
the standards of design and analysis described
above. Specifically, the possibility that bias, con-
founding or misclassification of exposure or out-
come could explain the observed results should
be considered and excluded with reasonable cer-
tainty. In addition, all studies that are judged to
be methodologically sound should (a) be con-
sistent with an estimate of effect of unity for any
observed level of exposure, (b) when considered
together, provide a pooled estimate of relative
risk that is at or near to unity, and (c) have a nar-
row confidence interval, due to sufficient popula-
tion size. Moreover, no individual study nor the
pooled results of all the studies should show any
consistent tendency that the relative risk of can-
cer increases with increasing level of exposure.
It is important to note that evidence of lack of
carcinogenicity obtained from several epidemio-
logical studies can apply only to the type(s) of
cancer studied, to the dose levels reported, and to
the intervals between first exposure and disease
onset observed in these studies. Experience with
human cancer indicates that the period from first
exposure to the development of clinical cancer is
sometimes longer than 20 years; latent periods
substantially shorter than 30 years cannot pro-
vide evidence for lack of carcinogenicity.
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3. Studies of cancer in experimental
animals

Allknown human carcinogens that have been
studied adequately for carcinogenicity in experi-
mental animals have produced positive results
in one or more animal species (Wilbourn et al.,
1986; Tomatis et al., 1989). For several agents
(e.g. aflatoxins, diethylstilbestrol, solar radiation,
vinyl chloride), carcinogenicity in experimen-
tal animals was established or highly suspected
before epidemiological studies confirmed their
carcinogenicity in humans (Vainio ef al., 1995).
Although this association cannot establish that
all agents that cause cancer in experimental ani-
malsalso cause cancerin humans, itis biologically
plausible that agents for which there is sufficient
evidence of carcinogenicity in experimental ani-
mals (see Part B, Section 6b) also present a car-
cinogenic hazard to humans. Accordingly, in
the absence of additional scientific information,
these agentsare considered to pose a carcinogenic
hazard to humans. Examples of additional scien-
tific information are data that demonstrate that
a given agent causes cancer in animals through
a species-specific mechanism that does not oper-
ate in humans or data that demonstrate that the
mechanism in experimental animals also oper-
ates in humans (see Part B, Section 6).

Consideration is given to all available long-
term studies of cancer in experimental animals
with the agent under review (see Part A, Section
4). In all experimental settings, the nature and
extent of impurities or contaminants present in
the agent being evaluated are given when avail-
able. Animal species, strain (including genetic
background where applicable), sex, numbers per
group, age at start of treatment, route of expo-
sure, dose levels, duration of exposure, survival
and information on tumours (incidence, latency;,
severity or multiplicity of neoplasms or prene-
oplastic lesions) are reported. Those studies in
experimental animals that are judged to be irrel-
evant to the evaluation or judged to be inadequate
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(e.g. too short a duration, too few animals, poor
survival; see below) may be omitted. Guidelines
for conducting long-term carcinogenicity exper-
iments have been published (e.g. OECD, 2002).

Other studies considered may include: exper-
iments in which the agent was administered in
the presence of factors that modify carcinogenic
effects (e.g. initiation-promotion studies, co-
carcinogenicity studies and studies in geneti-
cally modified animals); studies in which the
end-point was not cancer but a defined precan-
cerous lesion; experiments on the carcinogenic-
ity of known metabolites and derivatives; and
studies of cancer in non-laboratory animals (e.g.
livestock and companion animals) exposed to
the agent.

For studies of mixtures, consideration is
given to the possibility that changes in the phys-
icochemical properties of the individual sub-
stances may occur during collection, storage,
extraction, concentration and delivery. Another
consideration is that chemical and toxicological
interactions of components in a mixture may
alter dose—response relationships. The relevance
to human exposure of the test mixture adminis-
tered in the animal experiment is also assessed.
This may involve consideration of the following
aspects of the mixture tested: (i) physical and
chemical characteristics, (ii) identified constitu-
ents that may indicate the presence of a class of
substances and (iii) the results of genetic toxicity
and related tests.

The relevance of results obtained with an
agent that is analogous (e.g. similar in structure
or of a similar virus genus) to that being evalu-
ated is also considered. Such results may provide
biological and mechanistic information that is
relevant to the understanding of the process of
carcinogenesis in humans and may strengthen
the biological plausibility that the agent being
evaluated is carcinogenic to humans (see Part B,
Section 2f).

(@) Qualitative aspects

An assessment of carcinogenicity involves
several considerations of qualitative impor-
tance, including (i) the experimental conditions
under which the test was performed, including
route, schedule and duration of exposure, spe-
cies, strain (including genetic background where
applicable), sex, age and duration of follow-up;
(ii) the consistency of the results, for example,
across species and target organ(s); (iii) the spec-
trum of neoplastic response, from preneoplastic
lesions and benign tumours to malignant neo-
plasms; and (iv) the possible role of modifying
factors.

Considerations of importance in the inter-
pretation and evaluation of a particular study
include: (i) how clearly the agent was defined and,
in the case of mixtures, how adequately the sam-
ple characterization was reported; (ii) whether
the dose was monitored adequately, particu-
larly in inhalation experiments; (iii) whether the
doses, duration of treatment and route of expo-
sure were appropriate; (iv) whether the survival
of treated animals was similar to that of con-
trols; (v) whether there were adequate numbers
of animals per group; (vi) whether both male and
female animals were used; (vii) whether animals
were allocated randomly to groups; (viii) whether
the duration of observation was adequate; and
(ix) whether the data were reported and analysed
adequately.

When benign tumours (a) occur together
with and originate from the same cell type as
malignant tumours in an organ or tissue in a
particular study and (b) appear to represent a
stage in the progression to malignancy, they are
usually combined in the assessment of tumour
incidence (Huff ef al., 1989). The occurrence of
lesions presumed to be preneoplastic may in cer-
tain instances aid in assessing the biological plau-
sibility of any neoplastic response observed. If an
agent induces only benign neoplasms that appear
to be end-points that do not readily undergo
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transition to malignancy, the agent should nev-
ertheless be suspected of being carcinogenic and
requires further investigation.

(b) Quantitative aspects

The probability that tumours will occur may
depend on the species, sex, strain, genetic back-
ground and age of the animal, and on the dose,
route, timing and duration of the exposure.
Evidence of an increased incidence of neoplasms
with increasing levels of exposure strengthens
the inference of a causal association between the
exposure and the development of neoplasms.

The form of the dose-response relation-
ship can vary widely, depending on the par-
ticular agent under study and the target organ.
Mechanisms such as induction of DNA dam-
age or inhibition of repair, altered cell division
and cell death rates and changes in intercellular
communication are important determinants of
dose-response relationships for some carcino-
gens. Since many chemicals require metabolic
activation before being converted to their reac-
tive intermediates, both metabolic and toxicoki-
netic aspects are important in determining the
dose-response pattern. Saturation of steps such
as absorption, activation, inactivation and elim-
ination may produce nonlinearity in the dose-
response relationship (Hoel et al., 1983; Gart
et al., 1986), as could saturation of processes such
as DNA repair. The dose-response relationship
can also be affected by differences in survival
among the treatment groups.

(c) Statistical analyses

Factors considered include the adequacy of
the information given for each treatment group:
(i) number of animals studied and number exam-
ined histologically, (ii) number of animals with a
given tumour type and (iii) length of survival.
The statistical methods used should be clearly
stated and should be the generally accepted tech-
niques refined for this purpose (Peto ef al., 1980;
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Gart et al., 1986; Portier & Bailer, 1989; Bieler &
Williams, 1993). The choice of the most appro-
priate statistical method requires consideration
of whether or not there are differences in sur-
vival among the treatment groups; for example,
reduced survival because of non-tumour-related
mortality can preclude the occurrence of
tumours later in life. When detailed informa-
tion on survival is not available, comparisons
of the proportions of tumour-bearing animals
among the effective number of animals (alive at
the time the first tumour was discovered) can
be useful when significant differences in sur-
vival occur before tumours appear. The lethal-
ity of the tumour also requires consideration: for
rapidly fatal tumours, the time of death provides
an indication of the time of tumour onset and
can be assessed using life-table methods; non-
fatal or incidental tumours that do not affect
survival can be assessed using methods such as
the Mantel-Haenzel test for changes in tumour
prevalence. Because tumour lethality is often dif-
ficult to determine, methods such as the Poly-K
test that do not require such information can
also be used. When results are available on the
number and size of tumours seen in experimen-
tal animals (e.g. papillomas on mouse skin, liver
tumours observed through nuclear magnetic
resonance tomography), other more complicated
statistical procedures may be needed (Sherman
et al., 1994; Dunson et al., 2003).

Formal statistical methods have been devel-
oped to incorporate historical control data into
the analysis of data from a given experiment.
These methods assign an appropriate weight to
historical and concurrent controls on the basis
of the extent of between-study and within-study
variability: less weight is given to historical con-
trols when they show a high degree of variability,
and greater weight when they show little varia-
bility. It is generally not appropriate to discount
a tumour response that is significantly increased
compared with concurrent controls by arguing
that it falls within the range of historical controls,
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particularly when historical controls show high
between-study variability and are, thus, of little
relevance to the current experiment. In analys-
ing results for uncommon tumours, however, the
analysis may be improved by considering histori-
cal control data, particularly when between-study
variability is low. Historical controls should be
selected to resemble the concurrent controls as
closely as possible with respect to species, gen-
der and strain, as well as other factors such as
basal diet and general laboratory environment,
which may affect tumour-response rates in con-
trol animals (Haseman et al., 1984; Fung et al.,
1996; Greim et al., 2003).

Although meta-analyses and combined anal-
yses are conducted less frequently for animal
experiments than for epidemiological studies
due to differences in animal strains, they can be
useful aids in interpreting animal data when the
experimental protocols are sufficiently similar.

4. Mechanistic and other relevant
data

Mechanistic and other relevant data may pro-
vide evidence of carcinogenicity and also help in
assessing the relevance and importance of find-
ings of cancer in animals and in humans. The
nature of the mechanistic and other relevant data
depends on the biological activity of the agent
being considered. The Working Group considers
representative studies to give a concise descrip-
tion of the relevant data and issues that they con-
sider to be important; thus, not every available
study is cited. Relevant topics may include toxi-
cokinetics, mechanisms of carcinogenesis, sus-
ceptible individuals, populations and life-stages,
other relevant data and other adverse effects.
When data on biomarkers are informative about
the mechanisms of carcinogenesis, they are
included in this section.

These topics are not mutually exclusive; thus,
the same studies may be discussed in more than

one subsection. For example, a mutation in a
gene that codes for an enzyme that metabolizes
the agent under study could be discussed in the
subsections on toxicokinetics, mechanisms and
individual susceptibility if it also exists as an
inherited polymorphism.

(a) Toxicokinetic data

Toxicokinetics refers to the absorption, dis-
tribution, metabolism and elimination of agents
in humans, experimental animals and, where
relevant, cellular systems. Examples of kinetic
factors that may affect dose-response relation-
ships include uptake, deposition, biopersis-
tence and half-life in tissues, protein binding,
metabolic activation and detoxification. Studies
that indicate the metabolic fate of the agent in
humans and in experimental animals are sum-
marized briefly, and comparisons of data from
humans and animals are made when possible.
Comparative information on the relationship
between exposure and the dose that reaches the
target site may be important for the extrapola-
tion of hazards between species and in clarifying
the role of in-vitro findings.

(b) Data on mechanisms of carcinogenesis

To provide focus, the Working Group
attempts to identify the possible mechanisms by
which the agent may increase the risk of cancer.
For each possible mechanism, a representative
selection of key data from humans and experi-
mental systems is summarized. Attention is
given to gaps in the data and to data that suggests
that more than one mechanism may be operat-
ing. The relevance of the mechanism to humans
is discussed, in particular, when mechanistic
data are derived from experimental model sys-
tems. Changes in the affected organs, tissues or
cells can be divided into three non-exclusive lev-
els as described below.
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(i) Changes in physiology

Physiological changes refer to exposure-
related modifications to the physiology and/or
response of cells, tissues and organs. Examples
of potentially adverse physiological changes
include mitogenesis, compensatory cell division,
escape from apoptosis and/or senescence, pres-
ence of inflammation, hyperplasia, metaplasia
and/or preneoplasia, angiogenesis, alterations in
cellular adhesion, changes in steroidal hormones
and changes in immune surveillance.

(i) Functional changes at the cellular level

Functional changes refer to exposure-related
alterations in the signalling pathways used by
cells to manage critical processes that are related
to increased risk for cancer. Examples of func-
tional changes include modified activities of
enzymes involved in the metabolism of xenobi-
otics, alterations in the expression of key genes
that regulate DNA repair, alterations in cyclin-
dependent kinases that govern cell cycle progres-
sion, changes in the patterns of post-translational
modifications of proteins, changes in regula-
tory factors that alter apoptotic rates, changes
in the secretion of factors related to the stimula-
tion of DNA replication and transcription and
changes in gap-junction-mediated intercellular
communication.

(iii) Changes at the molecular level

Molecular changes refer to exposure-related
changes in key cellular structures at the molec-
ular level, including, in particular, genotoxicity.
Examples of molecular changes include forma-
tion of DNA adducts and DNA strand breaks,
mutations in genes, chromosomal aberrations,
aneuploidy and changes in DNA methylation
patterns. Greater emphasis is given to irrevers-
ible effects.

The use of mechanistic data in the identifica-
tion of a carcinogenic hazard is specific to the
mechanism being addressed and is not readily
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described for every possible level and mechanism
discussed above.

Genotoxicity data are discussed here to illus-
trate the key issues involved in the evaluation of
mechanistic data.

Tests for genetic and related effects are
described in view of the relevance of gene muta-
tion and chromosomal aberration/aneuploidy
to carcinogenesis (Vainio et al., 1992; McGregor
et al., 1999). The adequacy of the reporting of
sample characterization is considered and, when
necessary, commented upon; with regard to
complex mixtures, such comments are similar
to those described for animal carcinogenicity
tests. The available data are interpreted critically
according to the end-points detected, which
may include DNA damage, gene mutation, sister
chromatid exchange, micronucleus formation,
chromosomal aberrations and aneuploidy. The
concentrations employed are given, and men-
tion is made of whether the use of an exogenous
metabolic system in vitro affected the test result.
These data are listed in tabular form by phyloge-
netic classification.

Positive results in tests using prokary-
otes, lower eukaryotes, insects, plants and cul-
tured mammalian cells suggest that genetic and
related effects could occur in mammals. Results
from such tests may also give information on
the types of genetic effect produced and on the
involvement of metabolic activation. Some end-
points described are clearly genetic in nature
(e.g. gene mutations), while others are associated
with genetic effects (e.g. unscheduled DNA syn-
thesis). In-vitro tests for tumour promotion, cell
transformation and gap-junction intercellular
communication may be sensitive to changes that
are not necessarily the result of genetic altera-
tions but that may have specific relevance to the
process of carcinogenesis. Critical appraisals
of these tests have been published (Montesano
et al., 1986; McGregor et al., 1999).

Genetic or other activity manifest in humans
and experimental mammals is regarded to be of
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greater relevance than that in other organisms.
The demonstration that an agent can induce
gene and chromosomal mutations in mammals
in vivo indicates that it may have carcinogenic
activity. Negative results in tests for mutagenicity
in selected tissues from animals treated in vivo
provide less weight, partly because they do not
exclude the possibility of an effect in tissues other
than those examined. Moreover, negative results
in short-term tests with genetic end-points can-
not be considered to provide evidence that rules
out the carcinogenicity of agents that act through
other mechanisms (e.g. receptor-mediated
effects, cellular toxicity with regenerative cell
division, peroxisome proliferation) (Vainio et al.
1992). Factors that may give misleading results
in short-term tests have been discussed in detail
elsewhere (Montesano et al., 1986; McGregor
et al., 1999).

When there is evidence that an agent acts by
a specific mechanism that does not involve gen-
otoxicity (e.g. hormonal dysregulation, immune
suppression, and formation of calculi and other
deposits that cause chronic irritation), that evi-
dence is presented and reviewed critically in the
context of rigorous criteria for the operation of
that mechanism in carcinogenesis (e.g. Capen
et al., 1999).

For biological agents such as viruses, bacteria
and parasites, other datarelevant to carcinogenic-
ity may include descriptions of the pathology of
infection, integration and expression of viruses,
and genetic alterations seen in human tumours.
Other observations that might comprise cellu-
lar and tissue responses to infection, immune
response and the presence of tumour markers
are also considered.

For physical agents that are forms of radia-
tion, other data relevant to carcinogenicity may
include descriptions of damaging effects at the
physiological, cellular and molecular level, as
for chemical agents, and descriptions of how
these effects occur. ‘Physical agents” may also be
considered to comprise foreign bodies, such as

surgical implants of various kinds, and poorly
soluble fibres, dusts and particles of various
sizes, the pathogenic effects of which are a result
of their physical presence in tissues or body
cavities. Other relevant data for such materials
may include characterization of cellular, tissue
and physiological reactions to these materi-
als and descriptions of pathological conditions
other than neoplasia with which they may be
associated.

(c) Other data relevant to mechanisms

A description is provided of any structure-
activity relationships that may be relevant to an
evaluation of the carcinogenicity of an agent, the
toxicological implications of the physical and
chemical properties, and any other data relevant
to the evaluation that are not included elsewhere.

High-output data, such as those derived from
gene expression microarrays, and high-through-
put data, such as those that result from testing
hundreds of agents for a single end-point, pose a
unique problem for the use of mechanistic data
in the evaluation of a carcinogenic hazard. In
the case of high-output data, there is the possi-
bility to overinterpret changes in individual end-
points (e.g. changes in expression in one gene)
without considering the consistency of that find-
ing in the broader context of the other end-points
(e.g. other genes with linked transcriptional con-
trol). High-output data can be used in assessing
mechanisms, but all end-points measured in a
single experiment need to be considered in the
proper context. For high-throughput data, where
the number of observations far exceeds the num-
ber of end-points measured, their utility for iden-
tifying common mechanisms across multiple
agents is enhanced. These data can be used to
identify mechanisms that not only seem plausi-
ble, but also have a consistent pattern of carci-
nogenic response across entire classes of related
compounds.
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(d) Susceptibility data

Individuals, populations and life-stages may
have greater or lesser susceptibility to an agent,
based on toxicokinetics, mechanisms of carcino-
genesis and other factors. Examples of host and
genetic factors that affect individual susceptibil-
ity include sex, genetic polymorphisms of genes
involved in the metabolism of the agent under
evaluation, differences in metabolic capacity due
to life-stage or the presence of disease, differ-
ences in DNA repair capacity, competition for
or alteration of metabolic capacity by medica-
tions or other chemical exposures, pre-existing
hormonal imbalance that is exacerbated by a
chemical exposure, a suppressed immune sys-
tem, periods of higher-than-usual tissue growth
or regeneration and genetic polymorphisms that
lead to differences in behaviour (e.g. addiction).
Such data can substantially increase the strength
of the evidence from epidemiological data and
enhance the linkage of in-vivo and in-vitro labo-
ratory studies to humans.

(e} Data on other adverse effects

Data on acute, subchronic and chronic
adverse effects relevant to the cancer evaluation
are summarized. Adverse effects that confirm
distribution and biological effects at the sites of
tumour development, or alterations in physiol-
ogy that could lead to tumour development, are
emphasized. Effects on reproduction, embryonic
and fetal survival and development are summa-
rized briefly. The adequacy of epidemiological
studies of reproductive outcome and genetic and
related effects in humans is judged by the same
criteria as those applied to epidemiological stud-
ies of cancer, but fewer details are given.

5. Summary

This section is a summary of data presented
in the preceding sections. Summaries can be
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found on the Monographs programme web site
(http://monographs.iarc.fr).

(a) Exposure data

Data are summarized, as appropriate, on the
basis of elements such as production, use, occur-
rence and exposure levels in the workplace and
environment and measurements in human tis-
sues and body fluids. Quantitative data and time
trends are given to compare exposures in dif-
ferent occupations and environmental settings.
Exposure to biological agents is described in
terms of transmission, prevalence and persis-
tence of infection.

(b) Cancerin humans

Results of epidemiological studies pertinent
to an assessment of human carcinogenicity are
summarized. When relevant, case reports and
correlation studies are also summarized. The tar-
get organ(s) or tissue(s) in which an increase in
cancer was observed is identified. Dose-response
and other quantitative data may be summarized
when available.

(c) Cancer in experimental animals

Data relevant to an evaluation of carcino-
genicity in animals are summarized. For each
animal species, study design and route of admin-
istration, it is stated whether an increased inci-
dence, reduced latency, or increased severity
or multiplicity of neoplasms or preneoplastic
lesions were observed, and the tumour sites are
indicated. If the agent produced tumours after
prenatal exposure or in single-dose experiments,
this is also mentioned. Negative findings, inverse
relationships, dose-response and other quantita-
tive data are also summarized.

(d) Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and
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the possible mechanism(s) of carcinogenesis (e.g.
genetic toxicity, epigenetic effects) are summa-
rized. In addition, information on susceptible
individuals, populations and life-stages is sum-
marized. This section also reports on other toxic
effects, including reproductive and developmen-
tal effects, as well as additional relevant data that
are considered to be important.

6. Evaluation and rationale

Evaluations of the strength of the evidence for
carcinogenicity arising from human and experi-
mental animal data are made, using standard
terms. The strength of the mechanistic evidence
is also characterized.

It is recognized that the criteria for these
evaluations, described below, cannot encompass
all of the factors that may be relevant to an eval-
uation of carcinogenicity. In considering all of
the relevant scientific data, the Working Group
may assign the agent to a higher or lower cat-
egory than a strict interpretation of these criteria
would indicate.

These categories refer only to the strength of
the evidence that an exposure is carcinogenic
and not to the extent of its carcinogenic activ-
ity (potency). A classification may change as new
information becomes available.

An evaluation of the degree of evidence is lim-
ited to the materials tested, as defined physically,
chemically or biologically. When the agents eval-
uated are considered by the Working Group to be
sufficiently closely related, they may be grouped
together for the purpose of a single evaluation of
the degree of evidence.

(a) Carcinogenicity in humans

The evidence relevant to carcinogenicity from
studies in humans is classified into one of the fol-
lowing categories:

Sufficient evidence of carcinogenicity:
The Working Group considers that a causal

relationship has been established between expo-
sure to the agent and human cancer. That is, a
positive relationship has been observed between
the exposure and cancer in studies in which
chance, bias and confounding could be ruled
out with reasonable confidence. A statement that
there is sufficient evidence is followed by a sepa-
rate sentence that identifies the target organ(s) or
tissue(s) where an increased risk of cancer was
observed in humans. Identification of a specific
target organ or tissue does not preclude the pos-
sibility that the agent may cause cancer at other
sites.

Limited evidence of carcinogenicity:
A positive association has been observed
between exposure to the agent and cancer for
which a causal interpretation is considered by
the Working Group to be credible, but chance,
bias or confounding could not be ruled out with
reasonable confidence.

Inadequate evidence of carcinogenicity: The
available studies are of insufficient quality, con-
sistency or statistical power to permit a conclu-
sion regarding the presence or absence of a causal
association between exposure and cancer, or no
data on cancer in humans are available.

Evidence suggesting lack of carcinogenicity:
There are several adequate studies covering the
full range of levels of exposure that humans are
known to encounter, which are mutually consist-
ent in not showing a positive association between
exposure to the agent and any studied cancer
at any observed level of exposure. The results
from these studies alone or combined should
have narrow confidence intervals with an upper
limit close to the null value (e.g. a relative risk
of 1.0). Bias and confounding should be ruled
out with reasonable confidence, and the studies
should have an adequate length of follow-up. A
conclusion of evidence suggesting lack of carcino-
genicity is inevitably limited to the cancer sites,
conditions and levels of exposure, and length of
observation covered by the available studies. In
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addition, the possibility of a very small risk at the
levels of exposure studied can never be excluded.

In some instances, the above categories may
be used to classify the degree of evidence related
to carcinogenicity in specific organs or tissues.

When the available epidemiological stud-
ies pertain to a mixture, process, occupation or
industry, the Working Group seeks to identify
the specific agent considered most likely to be
responsible for any excess risk. The evaluation
is focused as narrowly as the available data on
exposure and other aspects permit.

(b) Carcinogenicity in experimental
animals

Carcinogenicity in experimental animals can
be evaluated using conventional bioassays, bioas-
says that employ genetically modified animals,
and other in-vivo bioassays that focus on one or
more of the critical stages of carcinogenesis. In
the absence of data from conventional long-term
bioassays or from assays with neoplasia as the
end-point, consistently positive results in several
models that address several stages in the multi-
stage process of carcinogenesis should be con-
sidered in evaluating the degree of evidence of
carcinogenicity in experimental animals.

The evidence relevant to carcinogenicity in
experimental animals is classified into one of the
following categories:

Sufficient evidence of carcinogenicity: The
Working Group considers that a causal relation-
ship has been established between the agent and
an increased incidence of malignant neoplasms
or of an appropriate combination of benign and
malignant neoplasms in (a) two or more species
of animals or (b) two or more independent stud-
ies in one species carried out at different times
or in different laboratories or under different
protocols. An increased incidence of tumours in
both sexes of a single species in a well conducted
study, ideally conducted under Good Laboratory
Practices, can also provide sufficient evidence.
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A single study in one species and sex might be
considered to provide sufficient evidence of carci-
nogenicity when malignant neoplasms occur to
an unusual degree with regard to incidence, site,
type of tumour or age at onset, or when there are
strong findings of tumours at multiple sites.

Limited evidence of carcinogenicity:
The data suggest a carcinogenic effect but are
limited for making a definitive evaluation
because, e.g. (a) the evidence of carcinogenicity
is restricted to a single experiment; (b) there are
unresolved questions regarding the adequacy of
the design, conduct or interpretation of the stud-
ies; (c) the agent increases the incidence only of
benign neoplasms or lesions of uncertain neo-
plastic potential; or (d) the evidence of carcino-
genicity is restricted to studies that demonstrate
only promoting activity in a narrow range of tis-
sues or organs.

Inadequate evidence of carcinogenicity:
The studies cannot be interpreted as showing
either the presence or absence of a carcinogenic
effect because of major qualitative or quantitative
limitations, or no data on cancer in experimental
animals are available.

Evidence suggesting lack of carcinogenicity:
Adequate studies involving at least two species
are available which show that, within the limits
of the tests used, the agent is not carcinogenic.
A conclusion of evidence suggesting lack of car-
cinogenicity is inevitably limited to the species,
tumour sites, age at exposure, and conditions
and levels of exposure studied.

(c) Mechanistic and other relevant data

Mechanistic and other evidence judged to
be relevant to an evaluation of carcinogenicity
and of sufficient importance to affect the over-
all evaluation is highlighted. This may include
data on preneoplastic lesions, tumour pathol-
ogy, genetic and related effects, structure—activ-
ity relationships, metabolism and toxicokinetics,
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physicochemical parameters and analogous bio-
logical agents.

The strength of the evidence that any carcino-
genic effect observed is due to a particular mech-
anism is evaluated, using terms such as ‘weak’,
‘moderate’ or ‘strong’. The Working Group then
assesses whether that particular mechanism is
likely to be operative in humans. The strongest
indications that a particular mechanism oper-
ates in humans derive from data on humans
or biological specimens obtained from exposed
humans. The data may be considered to be espe-
cially relevant if they show that the agent in ques-
tion has caused changes in exposed humans that
are on the causal pathway to carcinogenesis.
Such data may, however, never become available,
because it is at least conceivable that certain com-
pounds may be kept from human use solely on
the basis of evidence of their toxicity and/or car-
cinogenicity in experimental systems.

The conclusion that a mechanism operates in
experimental animals is strengthened by find-
ings of consistent results in different experimen-
tal systems, by the demonstration of biological
plausibility and by coherence of the overall data-
base. Strong support can be obtained from stud-
ies that challenge the hypothesized mechanism
experimentally, by demonstrating that the sup-
pression of key mechanistic processes leads to
the suppression of tumour development. The
Working Group considers whether multiple
mechanisms might contribute to tumour devel-
opment, whether different mechanisms might
operate in different dose ranges, whether sepa-
rate mechanisms might operate in humans and
experimental animals and whether a unique
mechanism might operate in a susceptible group.
The possible contribution of alternative mecha-
nisms must be considered before concluding
that tumours observed in experimental animals
are not relevant to humans. An uneven level of
experimental support for different mechanisms
may reflect that disproportionate resources

have been focused on investigating a favoured
mechanism.

For complex exposures, including occupa-
tional and industrial exposures, the chemical
composition and the potential contribution of
carcinogens known to be present are considered
by the Working Group in its overall evaluation
of human carcinogenicity. The Working Group
also determines the extent to which the materi-
als tested in experimental systems are related to
those to which humans are exposed.

(d) Overall evaluation

Finally, the body of evidence is considered as
a whole, to reach an overall evaluation of the car-
cinogenicity of the agent to humans.

An evaluation may be made for a group of
agents that have been evaluated by the Working
Group. In addition, when supporting data indi-
cate that other related agents, for which there is
no direct evidence of their capacity to induce
cancer in humans or in animals, may also be
carcinogenic, a statement describing the ration-
ale for this conclusion is added to the evaluation
narrative; an additional evaluation may be made
for this broader group of agents if the strength of
the evidence warrants it.

The agent is described according to the word-
ing of one of the following categories, and the
designated group is given. The categorization of
an agent is a matter of scientific judgement that
reflects the strength of the evidence derived from
studies in humans and in experimental animals
and from mechanistic and other relevant data.

Group 1: The agent is carcinogenic to
humans.

This category is used when there is suffi-
cient evidence of carcinogenicity in humans.
Exceptionally, an agent may be placed in this
category when evidence of carcinogenicity in
humans is less than sufficient but there is suffi-
cient evidence of carcinogenicity in experimental
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animals and strong evidence in exposed humans
that the agent acts through a relevant mechanism
of carcinogenicity.

Group 2.

This category includes agents for which, at
one extreme, the degree of evidence of carcino-
genicity in humans is almost sufficient, as well as
those for which, at the other extreme, there are
no human data but for which there is evidence of
carcinogenicity in experimental animals. Agents
are assigned to either Group 2A (probably car-
cinogenic to humans) or Group 2B (possibly
carcinogenic to humans) on the basis of epide-
miological and experimental evidence of carci-
nogenicity and mechanistic and other relevant
data. The terms probably carcinogenic and possi-
bly carcinogenic have no quantitative significance
and are used simply as descriptors of different
levels of evidence of human carcinogenicity, with
probably carcinogenic signifying a higher level of
evidence than possibly carcinogenic.

Group 2A: The agent is probably
carcinogenic to humans.

This category is used when there is limited
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental
animals. In some cases, an agent may be classi-
fied in this category when there is inadequate evi-
dence of carcinogenicity in humans and sufficient
evidence of carcinogenicity in experimental ani-
mals and strong evidence that the carcinogenesis
is mediated by a mechanism that also operates
in humans. Exceptionally, an agent may be clas-
sified in this category solely on the basis of lim-
ited evidence of carcinogenicity in humans. An
agent may be assigned to this category if it clearly
belongs, based on mechanistic considerations, to
a class of agents for which one or more members
have been classified in Group 1 or Group 2A.
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Group 2B: The agent is possibly carcinogenic
to humans.

This category is used for agents for which
there is limited evidence of carcinogenicity in
humans and less than sufficient evidence of car-
cinogenicity in experimental animals. It may
also be used when there is inadequate evidence
of carcinogenicity in humans but there is suffi-
cient evidence of carcinogenicity in experimental
animals. In some instances, an agent for which
there is inadequate evidence of carcinogenicity in
humans and less than sufficient evidence of car-
cinogenicity in experimental animals together
with supporting evidence from mechanistic and
other relevant data may be placed in this group.
An agent may be classified in this category solely
on the basis of strong evidence from mechanistic
and other relevant data.

Group 3: The agent is not classifiable as to its
carcinogenicity to humans.

This category is used most commonly for
agents for which the evidence of carcinogenicity
is inadequate in humans and inadequate or lim-
ited in experimental animals.

Exceptionally, agents for which the evidence
of carcinogenicity is inadequate in humans but
sufficient in experimental animals may be placed
in this category when there is strong evidence
that the mechanism of carcinogenicity in experi-
mental animals does not operate in humans.

Agents that do not fall into any other group
are also placed in this category.

An evaluation in Group 3 is not a determi-
nation of non-carcinogenicity or overall safety.
It often means that further research is needed,
especially when exposures are widespread or
the cancer data are consistent with differing
interpretations.

Group 4: The agent is probably not
carcinogenic to humans.

This category is used for agents for which
there is evidence suggesting lack of carcinogenicity
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in humans and in experimental animals. In
some instances, agents for which there is inad-
equate evidence of carcinogenicity in humans
but evidence suggesting lack of carcinogenicity in
experimental animals, consistently and strongly
supported by a broad range of mechanistic and
other relevant data, may be classified in this

group.

(e)  Rationale

The reasoning that the Working Group used
to reach its evaluation is presented and discussed.
This section integrates the major findings from
studies of cancer in humans, studies of cancer
in experimental animals, and mechanistic and
other relevant data. It includes concise state-
ments of the principal line(s) of argument that
emerged, the conclusions of the Working Group
on the strength of the evidence for each group of
studies, citations to indicate which studies were
pivotal to these conclusions, and an explanation
of the reasoning of the Working Group in weigh-
ing data and making evaluations. When there
are significant differences of scientific interpre-
tation among Working Group Members, a brief
summary of the alternative interpretations is
provided, together with their scientific rationale
and an indication of the relative degree of sup-
port for each alternative.
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GENERAL REMARKS

This one-hundred-and-second volume of the JARC Monographs contains evaluations of the carci-
nogenic hazard to humans of radiofrequency electromagnetic fields. This is the second volume on
non-ionizing radiation, after Volume 80 (Static and Extremely Low-Frequency (ELF) Electric and
Magnetic Fields; IARC, 2002), and the fourth and last in a series on physical agents, after Volume 75
(Ionizing Radiation, Part 1: X- and Gamma-radiation, and Neutrons; IARC, 2000) and Volume 78
(Ionizing Radiation, Part 2: Some Internally Deposited Radionuclides; IARC, 2001). Solar radiation
and ultraviolet radiation were evaluated in Volume 55 (IARC, 1992). The types of radiation evaluated
as human carcinogens (Group 1) were revisited in Volume 100D (IARC, 2012). A summary of the
findings in the present volume has appeared in The Lancet Oncology (Baan et al., 2011)

The topic of this Monograph is the evaluation of the carcinogenicity of radiation in the radio-
frequency (RF) range (30 kHz to 300 GHz) of the electromagnetic spectrum. This type of radiation
is emitted by devices used in wireless telecommunication, including mobile phones, and by many
other sources in occupational and general environmental settings. Exposures are ubiquitous in more
developed countries and rapidly increasing in developing countries, in particular with respect to
the use of mobile phones. There is rising concern as to whether exposure to RF radiation emitted
by a mobile phone affects human health and, specifically, whether mobile-phone use increases the
risk of cancer of the brain. The general public, manufacturers, regulatory authorities and public
health agencies are seeking evidence on the safety of mobile-phone use. Consequently, there has been
intense interest in the development and outcome of this JARC Monograph. This interest reflects the
high prevalence of exposure (which increasingly extends to children), the vast scope of the telecom-
munications industry, the findings of some epidemiological studies that suggest an increased risk of
cancer, and a high level of media coverage of the topic of mobile phones and cancer.

Although the preparation of this Monograph had been scheduled so as to include the results
of the large international case—control study INTERPHONE on mobile-phone use (conducted in
2000-2004; published in 2010), it should be emphasized that the evaluations in this volume address
the general question of whether RF radiation causes cancer in humans or in experimental animals: it
does not specifically or exclusively consider mobile phones, but rather the type of radiation emitted by
mobile phones and various other sources. Furthermore, this Monograph is focused on the potential
for an increased risk of cancer among those exposed to RF radiation, but does not provide a quantita-
tive assessment of any cancer risk, nor does it discuss or evaluate any other potential health effects
of RF radiation.

The Working Group recognized that mobile-phone technology has transformed the world, making
wireless communication rapidly available, especially in less developed countries, with important
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benefits to society. With this, an increasingly large population will be exposed, and for longer and
longer periods of time. Undoubtedly, questions will continue to arise about the health risks of mobile-
phone use and possibly other emerging sources of exposure to RF radiation. This Monograph is a
comprehensive review of the currently published evidence that also identifies gaps in the available
information. These gaps should be resolved with further research if ongoing concerns about the
health risks of mobile-phone use are to be addressed with greater certainty.

The Working Group agreed to consider three categories of human exposure to RF radiation:
(a) environmental sources such as mobile-phone base stations, broadcast antennae, smart meters,
and medical applications; (b) occupational sources such as high-frequency dielectric and induction
heaters, and high-power pulsed radars; and (c) the use of personal devices such as mobile phones,
cordless phones, Bluetooth devices, and amateur radios.

The general population receives the highest exposure from transmitters close to the body, including
hand-held devices such as mobile phones, which deposit most of the RF energy in the brain. Holding
a mobile phone to the ear to make a voice call can result in high specific rates of absorption (SAR) of
RF energy in the brain, depending on the design and position of the phone and its antenna in relation
to the head, the anatomy of the head, and the quality of the connection with the base-station antenna:
the better the connection, which is ensured by a dense network of base stations, the lower the energy
output from the phone. In children using mobile phones, the average deposition of RF energy may
be two times higher in the brain and up to ten times higher in the bone marrow of the skull than in
adult users. The use of hands-free kits lowers exposure of the brain to less than 10% of the exposure
from use at the ear, but it may increase exposure to other parts of the body.

Typical environmental exposures to the brain from mobile-phone base stations on rooftops
and from television and radio stations are several orders of magnitude lower than those from GSM
(Global System for Mobile communications) handsets. The average exposure from DECT (Digital
Enhanced Cordless Telecommunications) phones is around five times lower than that measured for
GSM phones, and third-generation (3G) phones emit, on average, about 100 times less RF energy
than second-generation GSM phones, when signals are strong. Similarly, the average output power
of Bluetooth wireless hands-free Kits is estimated to be around 100 times lower than that of mobile
phones. In occupational settings, exposure to high-power sources may involve higher cumulative
deposition of RF energy in the body than with exposure to mobile phones, but the energy deposited
locally in the brain is generally less.

Epidemiological evidence of an association between RF radiation and cancer comes from time-
trend, cohort, and case—control studies. The populations in these studies were exposed to RF radiation
in occupational settings, from sources in the general environment, and from use of wireless (mobile
and cordless) phones. Two sets of data from case-control studies were considered by the Working
Group as the principal and most informative basis for their evaluation of the human evidence, i.e.
the INTERPHONE study and the Swedish case-control studies; both sets of data focused on brain
tumours among mobile-phone users.

The Working Group recognized not only the rapid increase worldwide in the use of wireless
communication systems — both in number of users and in duration of use — but also the considerable
technological developments in this area, with the introduction of third- and fourth-generation (3G
and 4G) devices during the past decade. It is of interest to note that the key epidemiological studies
mentioned above were conducted in the late 1990s and the early 2000s. In the INTERPHONE study;,
all participating countries in Europe had GSM networks. It is worth mentioning that the 3G and 4G

34



General remarks

mobile phones commercially available today - equipped with adaptive power control — emit consider-
ably less RF energy than the GSM phones used more than a decade ago.

Experimental evidence from cancer bioassays was evaluated by the Working Group after reviewing
more than 40 studies that assessed the incidence of tumours in rodents exposed to RF radiation at
various frequencies, some of which simulated emissions from mobile phones. In the evaluation of
studies of cancer in experimental animals, exposure assessment deserves critical consideration. In
this regard, the conduct of cancer bioassays with RF radiation presents challenges that are not ordi-
narily encountered in studies with chemical or other physical agents. For example, the radiation
frequency is an important determinant of the specific absorption rate (SAR). The whole-body SAR
provides little information about spatial or organ-specific energy deposition, as it strongly depends
on field polarization and animal posture. Furthermore, long-term exposure to RF radiation at a fixed
frequency and power density will result in substantial changes in SAR over time as an animal gains
body weight. Even if the power is adjusted for body weight changes, the spatial distribution can vary.
Full dosimetric analyses of all these variables are only available in a few studies. Furthermore, SARs
to which animals can be exposed without the induction of systemic toxicity are generally limited by
the induction of thermal effects; increases in body temperature may induce biological responses that
are not seen at the (generally much lower) levels of RF radiation to which humans may be exposed.
In a substantial number of studies, exposure was at SAR values below the maximum tolerated dose
(MTD); nonetheless, these studies were considered to provide useful data, and were included in the
evaluation.

Several cancer bioassays with RF radiation were conducted with exposure systems in which
animals were restrained (usually in tubes) or non-restrained (in cages) during exposure. In this
Monograph, study designs involving animal restraint were identified as such. Exposures involving
animal restraint are generally limited to periods of no more than 4 hours per day. They have the
advantage of optimal exposure uniformity and maximal local delivery of RF-radiation energy to
the head or other selected body parts. Exposure of animals in cages — whole-body exposure - can
be for up to 24 hours per day. The design of some bioassays with restrained animals included both
sham-exposed and cage-control animals; because of the possibly confounding effects of restraint
stress, the Working Group compared tumour responses in the exposed groups only to the responses
in sham-exposed controls. Lack of a sham-exposed control group was considered a serious flaw in
the study design.

The Working Group reviewed a large number of studies with end-points relevant to mechanisms
of carcinogenesis, including genotoxicity, effects on immune function, gene and protein expression,
cell signalling, oxidative stress, and apoptosis. Studies on the possible effects of RF radiation on the
blood-brain barrier, and on a variety of effects in the brain itself were also considered. The Working
Group found several studies inadequately controlled for the thermal effects of RF radiation, but also
noted well conducted studies showing aneuploidy, spindle disturbances, altered microtubule struc-
tures or induction of DNA damage. While RF radiation has insufficient energy to directly produce
genetic damage, other changes such as induction of oxidative stress and production of reactive oxygen
species may explain these results. Indeed, several studies in vitro evaluated the possible role of RF
radiation in altering levels of intracellular oxidants or activities of antioxidant enzymes. While the
overall evidence was inconclusive, the Working Group expressed concern about the results from
several of these studies.
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1. EXPOSURE DATA

1.1 Introduction

This chapter explains the physical principles
and terminology relating to sources, exposures
and dosimetry for human exposures to radiofre-
quency electromagnetic fields (RF-EMF). It also
identifies critical aspects for consideration in the
interpretation of biological and epidemiological
studies.

1.1.1 Electromagnetic radiation

Radiation is the process through which
energy travels (or “propagates”) in the form of
waves or particles through space or some other
medium. The term “electromagnetic radiation”
specifically refers to the wave-like mode of
transport in which energy is carried by electric
(E) and magnetic (H) fields that vary in planes
perpendicular to each other and to the direction
of energy propagation.

The variations in electric and magnetic field
strength depend only on the source of the waves,
and most man-made sources of electromagnetic
radiation produce waves with field strengths that
vary sinusoidally with time, as shown in Fig. 1.1.
The number of cycles per second is known as the
frequency (f) and is quantified in the unit hertz
(Hz). The waves travel at the speed of light (c) in
free space and in air, but more slowly in dielectric
media, including body tissues. The wavelength
(1) is the distance between successive peaks in

a wave (Fig. 1.1) and is related to the frequency
according to A = ¢/f (ICNIRP, 2009a).

The fundamental equations of electromag-
netism, Maxwell’s equations, imply that a time-
varying electric field generates a time-varying
magnetic field and vice versa. These varying
fields are thus described as “interdependent” and
together they form a propagating electromagnetic
wave. The ratio of the strength of the electric-field
component to that of the magnetic-field compo-
nent is constant in an electromagnetic wave and
is known as the characteristic impedance of the
medium (n) through which the wave propagates.
The characteristic impedance of free space and
air is equal to 377 ohm (ICNIRP, 2009a).

It should be noted that the perfect sinusoidal
case shown in Fig. 1.1, in which a wave has a
sharply defined frequency, is somewhat ideal;
man-made waves are usually characterized by
noise-like changes in frequency over time that
result in the energy they carry being spread over
a range of frequencies. Waves from some sources
may show purely random variation over time
and no evident sinusoidal character. Some field
waveforms, particularly with industrial sources,
can have a distorted shape while remaining
periodic, and this corresponds to the presence of
harmonic components at multiples of the funda-
mental frequency (ICNIRP, 2009a).

The quantities and units used to characterize
electromagnetic radiation are listed in Table 1.1.
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Fig. 1.1 A sinusoidally varying electromagnetic wave viewed in time at a point in space (a) and in

space at a point in time (b)
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E, electric field; H, magnetic field.
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1.1.2 The electromagnetic spectrum

The frequency of electromagnetic radiation
determines the way in which it interacts with
matter; a variety of different terms are used to
refer to radiation with different physical proper-
ties. The electromagnetic spectrum, describing
the range of all possible frequencies of electro-
magnetic radiation, is shown in Fig. 1.2.

For the purposes of this Monograph, radio-
frequency (RF) electromagnetic radiation will
be taken as extending from 30 kHz to 300 GHz,
which corresponds to free-space wavelengths in
the range of 10 km to 1 mm. Electromagnetic
fields (EMF) in the RF range can be used
readily for communication purposes as radio
waves. As shown in Fig. 1.2, the International
Telecommunications Union (ITU) has developed
a categorization for radio waves according to
their frequency decade: very low frequency
(VLF); voice frequency (VF); low frequency
(LF); medium frequency (MF); high frequency
(HF); very high frequency (VHEF); ultra-high
frequency (UHF); super-high frequency (SHF);
and extremely high frequency (EHF) (ITU,2008).

Radio waves with frequencies in the range
300 MHz to 300 GHz can be referred to as micro-
waves, although this does not imply any sudden
change in physical properties at 300 MHz. The
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photon energy would be about 1 peV (micro-
electronvolt) at 300 MHz.

Above the frequencies used by radio waves
are the infrared, visible ultraviolet (UV), X-ray
and gamma-ray portions of the spectrum. At RF
and up to around the UV region, it is conven-
tional to refer to the radiation wavelength, rather
than frequency. Photon energy is generally
referred to in the X-ray and gamma-ray regions,
and also to some extent in the UV range, because
the particle-like properties of the EMFs become
more obvious in these spectral regions.

Below the RF portion of the spectrum lie
EMFs that are used for applications other than
radiocommunication. The interdependence of
the electric- and magnetic-field components
also becomes less strong and they tend to be
considered entirely separately at the frequency
(50 Hz) associated with distribution of electricity
(IARC, 2002).

1.1.3 Exposures to EMF

RF fields within the 30 kHz to 300 GHz region
of the spectrum considered in this Monograph
arise from a variety of sources, which are consid-
ered in Section 1.2. The strongest fields to which
people are exposed arise from the intentional
use of the physical properties of fields, such as
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Table 1.1 Quantities and units used in the radiofrequency band

Quantity Symbol Unit Symbol
Conductivity o siemens per metre S/m
Current I ampere A
Current density J ampere per square metre A/m?
Electric-field strength E volt per metre Vim
Frequency f hertz Hz
Impedance Zorn ohm Q
Magnetic-field strength H ampere per metre A/m
Permittivity € farad per metre F/m
Power density SorPd watt per square metre W/m?
Propagation constant K per metre m!
Specific absorption SA joule per kilogram J/kg
Specific absorption rate SAR watt per kilogram W/kg
Wavelength A metre m

Adapted from ICNIRP (2009a

induction heating (including the industrial
heating of materials and cooking hobs), remote
detection of objects and devices (anti-theft
devices, radar, radiofrequency identification
[RFID]), telecommunications (radio, television,
mobile phones, wireless networks), medical
diagnostics and therapy (magnetic resonance
imaging [MRI], hyperthermia), and many more.
There are also unintentionally generated fields,
such as those associated with the electrical
ballasts used for fluorescent lighting, electronic
circuits, processors and motors.

When considering human exposures it is
important to recognize that, in addition to the
EMFs associated with energy being radiated
away from a source, there are electric and
magnetic fields associated with energy stored in
the vicinity of the source, and this energy is not
propagating. The reactive fields associated with
this stored energy are stronger than the radiated
fields within the region known as the reactive
near field, which extends to a distance of about
a wavelength from the source. The wave imped-
ance in the reactive near field may be higher than
the impedance of free space if a source is capaci-
tive in nature and lower if a source is inductive
in nature (AGNIR, 2003).

Beyond the near field region lies the far field,
where the RF fields have the characteristics of
radiation, i.e. with planar wave fronts and E and
H components that are perpendicular to each
other and to the direction of propagation. The
power density of the radiation, P,, describes the
energy flux per unit area in the plane of the fields
expressed as watts per square metre (W/m?) and
decreases with distance squared (the inverse
square law). Power density can be determined
from the field strengths (see Glossary) (AGNIR
2003).

Sources that are large relative to the wave-
length of the RF fields they produce, e.g. dish
antennae, also have a region known as the radi-
ating near field that exists in between the reac-
tive near field and the far field. In this region the
wave impedance is equal to 377 ohm, but the
wave fronts do not have planar characteristics:
there is an oscillatory variation in power density
with distance and the angular distribution of the
radiation also changes with distance. Since the
radiating near field is taken to extend to a distance
of 2D?/X (where D is the largest dimension of the
antenna) from the source, it is therefore neces-
sary to be located beyond both this distance and
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Fig. 1.2 The electromagnetic spectrum
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The figure shows frequency increasing from left to right expressed in hertz (Hz) and in kHz (kilo-), MHz (mega-), GHz (giga-) and THz (tera-)
(denoting multipliers of 10°, 10°, 10° and 10'?). Electromagnetic fields in the radiofrequency (RF) range can be used for communication purposes
as radio waves. Mobile phones operate in the low-microwave range, around 1 GHz. The terms VLF, VF, LF, MF, HF, VHF, UHF, SHF, EHF
denote very low frequency, voice frequency, low frequency, medium frequency, high frequency, very high frequency, ultra-high frequency, super-

high frequency, and extremely high frequency, respectively.

Beyond the frequencies used by radio waves follow the infrared, visible, ultraviolet, X-ray and gamma-ray portions of the spectrum. Above
radiofrequencies and up to around the ultraviolet region, it is conventional to refer to the wavelength (expressed in metres and its multipliers) of
the radiation, rather than frequency. Below the radiofrequency portion of the spectrum lie electromagnetic fields that are used for applications
other than radiocommunications. Photon energy is expressed in electronvolts (eV and its multipliers).
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about a wavelength from a source to be in the
far-field region (AGNIR, 2003).

The incident EMFs (external fields when the
body is not present) interact or couple with the
humanbodyandinduceEMFsandcurrentswithin
the body tissues. A different interaction mecha-
nism exists for the electric- and magnetic-field
components, as discussed in detail in Section 1.3.
In general, both quantities must be determined
to fully characterize human exposure, unless the
exposure is to pure radiating fields. The coupling
depends on the size of the wavelength relative to
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the dimensions of the human body and, there-
fore, dosimetric interactions are often considered
in three different frequency ranges: 30 kHz to 10
MHz (body larger than the wavelength), 10 MHz
to 10 GHz (body dimensions comparable to the
wavelength), and 10 GHz to 300 GHz (body
dimensions much larger than the wavelength).
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1.2 Sources of exposure

This section describes natural and man-made
sources of RF fields to which people are exposed
during their everyday lives at home, work and
elsewhere in the environment. Fields from
natural and man-made sources differ in their
spectral and time-domain characteristics and
this complicates comparisons of their relative
strengths. The fields produced by natural sources
have a much broader frequency spectrum than
those produced by man-made sources and it is
necessary to define a bandwidth of interest for
comparison. In a bandwidth of 1 MHz, man-
made fields will typically appear to be orders of
magnitude stronger than natural ones, whereas
if the entire bandwidth of 300 GHz of interest
to this Monograph is chosen, natural fields may
appear to be stronger than man-made ones at
typical environmental levels (ICNIRP, 2009a).

When considering sources, it is helpful to
clearly delineate the concepts of emissions, expo-
sures and dose:

Emissions from a source are characterized
by the radiated power, including its spectral
and time-domain distributions: the polarization
and the angular distribution (pattern) of the
radiation. For sources that are large relative to
their distance from a location where a person is
exposed, it also becomes necessary to consider
the spatial distribution of the emitted radiation
over the entire structure of the source to fully
describe it as an emitter.

Exposure describes the EMFs from the source
at a location where a person may be present
in terms of the strength and direction of the
electric and magnetic fields. If these vary over
the volume occupied by a person (non-uniform
exposure), possibly because the source is close
to them, or has strongly directional character-
istics, it becomes necessary to quantify the RF
fields over the space occupied by the person. The
exposure depends not only on the source emis-
sions and the geometrical relationship to the

source (distance, angular direction), but also on
the effect of the environment on the radiated
fields. This can involve processes such as reflec-
tion, shielding, and diffraction, all of which can
modify the fields substantially.

Dose is concerned with quantities of effects
inside the body tissues that are induced by the
exposure fields. These include the electric- or
magnetic-field strength in the body tissues and
the specific energy absorption rate (SAR) (see
Section 1.3.2, and Glossary). The strength of the
electric fields within the body tissues is generally
much smaller than that of the exposure fields
outside the body, and depends on the electrical
parameters of the tissues (Beiser, 1995).

In most situations, the concept of emissions
leading to exposure and then dose is helpful, but
there are situations in which the presence of an
exposed individual and the dose received affect
the emissions from a source. This means that
the intermediate concept of exposure cannot be
isolated meaningfully,and dose has to be assessed
directly from the source emissions either through
computational modelling or via measurement of
fields inside the body tissues. When the way in
which a source radiates is strongly affected by
the presence of an exposed person, the source
and the exposed person are described as “mutu-
ally coupled”; a classic example of this is when a
mobile phone is used next to the body.

1.2.1 Natural fields

The natural electromagnetic environment
originates from the Earth (terrestrial sources) and
from space (extraterrestrial sources) (Fig. 1.3).
Compared with man-made fields, natural fields
are extremely small at RFs (ICNIRP, 2009a).

The energy of natural fields tends to be spread
over a very wide range of frequencies. Many
natural sources emit RF radiation and optical
radiation according to Planck’s law of “black-
body radiation” (see Fig. 1.4; Beiser, 1995).
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Fig. 1.3 Terrestrial and extraterrestrial sources of radiofrequency radiation
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E, electric field strength; K, Kelvin; kV, kilovolt; m, metre; ps, microsecond; t, time; V, volt; W/m?, watt per square metre.

The solar radiation spectrum is similar to that of a black body with a temperature of about 5800 °K. The sun emits radiation across most of the
electromagnetic spectrum, i.e. X-rays, ultraviolet radiation, visible light, infrared radiation, and radio waves. The total amount of energy received
by the Earth at ground level from the sun at the zenith is approximately 1000 W/m?, which is composed of approximately 53% infrared, 44%
visible light, 3% ultraviolet, and a tiny fraction of radio waves (3 pW/m?).

From ICNIRP (2009a) http://www.icnirp.de

42


http://www.icnirp.de

Radiofrequency electromagnetic fields

Fig. 1.4 Equations used in calculating energy and emitted power of black-body radiators
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(a) Planck's Law of "black body radiation"

S(f,T) is the power radiated per unit area of emitting surface in
the normal direction per unit solid angle per unit frequency by

a black body at temperature T.
h is the Planck constant, equal to 6.626 x 107* Js.

¢ is the speed of light in a vacuum, equal to 2.998 x 10% m/s.

k is the Boltzmann constant, equal to 1.381 x 107** J/K.

J* = oT*

(b) Stefan-Boltzmann Law

J* | the black-body irradiance or
emissive power, is directly proportional
to the fourth power of the black-body
thermodynamic temperature T (also
called absolute temperature).

o, the constant of proportionality,
called Stefan-Bolzmann constant.

fis the frequency of the electromagnetic radiation in hertz (Hz).

T is the temperature of the body in Kelvin (K).

The total power emitted per unit surface
area of a black-body radiator can be evaluated
by integrating Planck’s law over all angles in a
half-space (2t steradians) and over all frequen-
cies. This yields the Stefan-Boltzmann law (see
Fig. 1.4), which describes how the power emitted
by ablack-body radiator increases with the fourth
power of the absolute temperature (Beiser, 1995).

(a) Extraterrestrial sources

Extraterrestrial sources include electrical
discharges in the Earth’s atmosphere, and solar
and cosmic radiation. Heat remaining from the
“big bang” at the formation of the universe is
evident as the cosmic microwave background
(CMB), which presents as black-body radia-
tion from all directions towards the Earth.
The observed peak in the CMB spectrum is at
a frequency of 160.2 GHz, which according to
Planck’s law (see Fig. 1.4) implies a temperature of
2.725K (Fixsen, 2009). Fig 1.5 shows the results of
evaluating Planck’s law over the frequency range
30 kHz to 300 GHz. The total power density in
this frequency range represents 80% of the total
power density across all frequencies. Applying
this factor to the results from Stefan-Boltzmann’s

law at 2.725 K gives the power density at the
surface of the Earth as 2.5 pW/m?.

The sun is also a black-body radiator and its
spectrum shows a peak at 3.4 x 10" Hz, a wave-
length of 880 nm, commensurate with a surface
temperature of 5778 K (NASA, 2011). Based on
Planck’s law, most of the sun’s radiation is in the
infrared region of the spectrum. Only a small
proportion is in the frequency range 30 kHz to
300 GHz; this fraction represents about 5 pW/m?
of the total power density of 1366 W/m? inci-
dent on the Earth. This value is similar to that
from the CMB, which contributes power from
all directions, but the RF power from the sun is
predominantly incident from the direction of the
sun, and hence much reduced at night (ICNIRP.
2009a).

The atmosphere of the Earth has a marked
effect on RF fields arriving from space. The iono-
sphere, which extends from about 60 km to 600
km above the Earth’s surface, contains layers
of charged particles and reflects RF fields at
frequencies of up to about 30 MHz. Above a few
tens of gigahertz, atmospheric water vapour and
oxygen have an attenuating effect on RF fields,
due to absorption. These effects mean that the
RF power density incident at the Earth’s surface
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Fig. 1.5 Power density spectrum of the cosmic microwave background in the radiofrequency range
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from the sun and the CMB will be somewhat less
than the 5 yW/m? values given for each above.
The International Commission on Non-Ionizing
Radiation Protection (ICNIRP) gives the total
power density arising from the sky and the sun as
3 tW/m?* at the surface of the Earth (see Fig. 1.3;
ICNIRP, 2009a).

(b) Terrestrial sources

The Earth itself is a black-body radiator with
a typical surface temperature of about 300 K (see
Fig. 1.3). Most emissions from Earth are in the
infrared part of the spectrum and only 0.0006%
of the emitted power is in the RF region, which
amounts to a few milliwatts per square metre
from the Earth’s surface. This is about a thousand
times larger than the RF power density arising
from the sky and the sun (ICNIRP, 2009a).
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People also produce black-body radiation
from their body surfaces (skin). Assuming a
surface temperature of 37 °C, i.e. 310 K, the power
density for a person would be 2.5 mW/m? in the
RF range. With a typical skin area of 1.8 m?, the
total radiated power from a person is about 4.5
mW.

As mentioned above, the ionosphere effec-
tively shields the Earth from extraterrestrially
arising RF fields at frequencies below 30 MHz.
However, lightning is an effective terrestrial
source of RF fields below 30 MHz. The fields are
generated impulsively as a result of the time-
varying voltages and currents associated with
lightning, and the waveguide formed between
the surface of the Earth and the ionosphere
enables the RF fields generated to propagate over
large distances around the Earth.
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On average, lightning strikes the Earth 40
times per second, or 10 times per square kilo-
metre per year. Maps of annual flash rates
based on observations by National Aeronautics
and Space Administration (NASA) satellites
can be consulted on the National Oceanic and
Atmospheric Administration (NOAA) web site
(NOAA, 2011). The EMFs from lighting are
impulsive and vary depending on the nature of
each stroke and also according to the distance
at which they are measured. A typical pulse-
amplitude of 4 V/m at 200 km corresponds to
a peak power density of 42 mW/m?, and a total
pulse energy density of 2.5 mJ/m* (ICNIRP.
2009a). Cooray (2003) has described various
mathematical models for return strokes, which
are the strongest sources of RF-EMF associated
with lightning. Peak electric-field strengths of up
to 10 kV/m are possible within 1 km from where
the lightning strikes. At distances greater than
100 km, the field strength decreases rapidly to a
few volts per metre, with peak dE/dt of about 20
V/m per ps, and then further decreases over a few
tens of microseconds. Willett ef al. (1990) meas-
ured the electric-field strength during return
strokes as a function of time and conducted
Fourier analysis to determine the average spec-
trum between 200 kHz and 30 MHz. The energy
spectral density reduced according to 1/f * at
frequencies of up to about 10 MHz and more
rapidly thereafter.

1.2.2 Man-made fields

There are numerous different sources of man-
made RF fields. The more common and notable
man-made sources of radiation in the RF range
of 30 kHz to 300 GHz are presented in Fig. 1.6.

Sometimes such fields are an unavoidable
consequence of the way systems operate, e.g.
in the case of broadcasting and telecommuni-
cations, where the receiving equipment is used
at locations where people are present. In other
situations, the fields are associated with energy

waste from a process, e.g. in the case of systems
designed to heat materials (ICNIRP, 2009a).

Thetypical emission characteristics of sources
will be summarized here, along with exposure
and dose information where available. However,
it is important to recognize that fields typically
vary greatly in the vicinity of sources and spot
measurements reported in the literature may not
be typical values. This is because assessments are
often designed to identify the maximum expo-
sures that can be reasonably foreseen, e.g. for
workers near sources, and to ensure that these
do not exceed exposure limits.

(a) Radio and television broadcasting

The frequency bands used for broadcasting of
radio and television signals are broadly similar
across countries and are shown in Table 1.2.

Analogue broadcast radio has been available
for many years and uses amplitude modulation
(AM) in thelong, medium and short-wave bands,
but the sound quality is not as good as with
frequency modulation (FM) in band II, which
became available later and is now more popular
for listening. The short-wave band continues
to be important for international radio broad-
casting, because signals in this frequency band
can be reflected from the ionosphere to travel
around the world and reach countries thousands
of kilometres away (AGNIR, 2003).

Band III was the original band used for
television broadcasting and continues to be used
for this purpose in some countries, while others
have transferred their television services to bands
IV and V. Band III is also used for digital audio
broadcasting (DAB), exclusively so in countries
that have transferred all their television services
to bands IV and V. Analogue and digital televi-
sion transmissions presently share bands III, IV
and V, but many countries are in the process
of transferring entirely to digital broadcasting
(ICNIRP, 2009a).

AGNIR (2003) have described broadcasting
equipment in the United Kingdom in terms of

45



Fig. 1.6 Man-made sources of radiation in the radiofrequency range (30 kHz to 300 GHz)
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(WLAN) technology.
Prepared by the Working Group

0L - SHAVYOONOW DuVvI



Radiofrequency electromagnetic fields

Table 1.2 Frequency bands used for broadcasting of television and radio signals

Designation Frequency range Usage

Long wave 145.5 - 283.5 kHz AM radio

Medium wave 526.5 - 1606.5 kHz AM radio

Short wave 39-26.1 MHz International radio

UHF (Bands IV and V) 470 - 854 MHz Analogue and digital TV
VHF (Band II) 87.5 - 108 MHz FM radio

VHF (Band III) 174 - 223 MHz DAB and analogue/digital TV

AM, amplitude modulation; DAB, digital audio broadcasting; FM, frequency modulation; TV, television; UHF, ultra high frequency; VHF, very

high frequency
Adapted from AGNIR (2003

the numbers of transmitters operating at a given
power level in each frequency band (Table 1.3).
The overall trends are probably similar in other
countries and the main change since that time
is likely to have been a growth in the number
of digital transmitters for radio and television
(ICNIRP, 2009a).

(i) Long-, medium- and short-wave bands

Antennae broadcasting in the long- and
medium-wave bands tend to be constructed as
tall metal towers, with cables linking the towers
to each other and to the ground. Often, a single
low-frequency (LF) or medium-frequency (MF)
radiating structure may involve several closely
located towers that are fed in such a way that a
directional beam pattern is formed. Some towers
are energized and insulated from the ground,
while others are grounded and act as reflectors.
Transmitters designed to provide local radio
services, e.g. around cities, use powers in the
range of 100 W to 10 kW, while a small number
of transmitters that provide national services
over large distances radiate up to a few hundred
kilowatts (ICNIRP, 2009a).

The high-frequency (HF) band is used for
international broadcasting and comprises wave-
lengths that are somewhat shorter than those
in the long- and medium-wave bands. Curtain
arrays, composed of multiple horizontal dipole
antennae suspended between towers, are used to
form narrow beams directed upwards towards

the required azimuth and elevation angles. The
beams reflect off the ionosphere and provide
services to distant countries without the need
for any intermediate infrastructure. Typical
curtain arrays can be up to 60 m in height and
width, and might, for example, involve 16 dipoles
arranged as four vertically stacked rows of four
with a reflecting wire mesh screen suspended
behind them. Given the transmission distances
required, the powers are high, typically around
100-500 kW. The HF band has the fewest trans-
mitters of any of the broadcast bands (ICNIRP.
2009a). Allen et al. (1994) reported 25 HF trans-
mitters with powers in the range 100-500 kW
and three with powers greater than 500 kW in
the United Kingdom.

Broadcast sites can be quite extensive, with
multiple antennae contained within an enclosed
area of several square kilometres. A building
containing the transmitters is generally located
on the site and RF feeder cables are laid from this
building to the antennae. On HF sites, switching
matrices allow different transmitters to be
connected to different antennae according to the
broadcast schedule. The feeders may be either
enclosed in coaxial arrangements or open, e.g.
as twin lines having pairs of conductors around
15 cm apart suspended about 4 m above ground
level.

In considering reported measurements of RF
fields at MF/HF broadcast sites, it is important to
note that workers may spend much of their time
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Table 1.3 Approximate number of broadcast transmitters in the United Kingdom?

Service class Effective radiated power (kW)

0-0.1 >0.1-1.0 >1.0-10 >10-100 >100-500 > 500
Analogue TV 3496 589 282 122 86 19
DAB 4 126 121 - - -
Digital TV 134 177 192 - -
MW/LW radio 14 125 38 19 12 -
VHE EM radio 632 294 232 98 72 =

* For TV sites, each analogue channel (e.g. BBCI) or each digital multiplex counts as one transmitter.
DAB, digital audio broadcasting; FM, frequency modulation; LW, long wave; MW, medium wave; TV, television; VHF, very high frequency

Adapted from AGNIR (2003

in offices, workshops or the transmitter halls.
Such locations can be far from the antennae,
resulting in exposure levels that are much lower
than when personnel approach the antennae to
carry out maintenance and installation work.

Jokelaetal.(1994) investigated therelationship
between induced RF currents flowing through
the feet to ground and the RF-field strengths
from MF and HF broadcast antennae. The MF
antenna was a base-fed monopole, 185 m high,
transmitting 600 kW at 963 MHz. At distances
of 10, 20, 50, and 100 m from the antenna, the
electric-field strength at 1 m height was around
420,200, 60 and 30 V/m, respectively. At the same
distances, currents in the feet were around 130,
65, 30 and 10 mA. The HF antenna was a 4 x 4
curtain array suspended between 60 m towers
and radiating 500 kW at 21.55 MHz. The total
field in front of the antenna at 1 m height ranged
from about 32 V/m at 10 m through a maximum
of 90 V/m at 30 m, a minimum of 7 V/m at 70 m
and thereafter rose to around 20 V/m at distances
in the range 100-160 m.

Mantiply et al. (1997) have summarized
measurements of RF fields from MF broadcast
transmitters contained in several technical
reports from the mid-1980s to early 1990s from
government agencies in the USA. A study based
on spot measurements made at selected outdoor
locations in 15 cities and linked to population
statistics showed that 3% of the urban population
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were exposed to electric-field strengths greater
than 1 V/m, while 98% were exposed to field
strengths above 70 mV/m and the median
exposure was 280 mV/m. RF-field strengths
were also measured near eight MF broadcast
antennae, one operating at 50 kW, three at 5 kW
and four at 1 kW. The measurements were made
as a function of distance along three radials
at most of the sites. At distances of 1-2 m, the
electric-field strengths were in the range 95-720
V/m and the magnetic-field strengths were in the
range 0.1-1.5 A/m, while at 100 m, electric-field
strengths were 2.5-20 V/m and magnetic-field
strengths were in the range 7.7-76 mA/m.
Mantiply et al. (1997) also reported field
measurements near short-wave (HF) broad-
cast antennae. As mentioned earlier, these are
designed to direct the beams upwards at low
elevation angles. Hence, the field strengths at
locations on the ground are determined by
sidelobes (see Glossary) from the antennae and
they vary unpredictably with distance and from
one antenna to another. Measurements were
made at four frequencies in the HF band and
at six locations in a community around 10 km
from an HF site, which was likely to have trans-
mitted 250 kW power. Electric- and magnetic-
field strengths at individual frequencies varied in
the ranges 1.5-64 mV/m and 0.0055-0.16 mA/m,
while the maximum field strengths just outside
the site boundary were 8.6 V/m and 29 mA/m.
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Field strengths measured at a distance of 100 m
along a “traverse” tangential to the beam from a
curtain array transmitting at 100 kW were in the
ranges 4.2-9.2 V/m and 18-72 mA/m. A final set
of measurements was made at a distance of 300
m from another curtain array transmitting at 100
kW, while the beam was steered through + 25°in
azimuth. The field strengths were in the ranges
1.7-6.9 V/m and 14-29 mA/m.

(i) VHF and UHF bands

The powers used for broadcasting in the VHF
and UHF bands vary widely according to the area
and terrain over which coverage is to be provided
(Table 1.2). UHF transmissions are easily affected
by terrain conditions, and shadowed areas with
poor signal strength can occur, e.g. behind hills
and in valleys. For this reason, in addition to
a main set of high-power transmitters, large
numbers of local booster transmitters are needed
that receive signals from the main transmitters
and rebroadcast them into shadowed areas. The
main transmitters are mounted at the top of
masts that are up to several hundreds of metres
high and have effective radiated powers (ERPs)
(see Glossary) of up to about 1 MW, while the
booster transmitters have antennae that are
mounted much nearer to the ground and mostly
have powers of less than 100 W. VHF signals
are less affected by terrain conditions and fewer
booster transmitters are needed.

Typical high-power broadcast transmitter
masts are shown in Fig. 1.7.

Access to the antennae on high-power VHF/
UHF masts is gained by climbing a ladder inside
the tower; reaching the antennae at the top
involves passing in close proximity to radiating
antennae at lower heights. The VHF trans-
missions have wavelengths of similar dimensions
to the structures that form the tower itself, e.g.
the lengths of the steel bars or the spaces between
them, and hence tend to excite RF current flows
in these items. Standing waves (see Glossary) can
be present within the tower, and the measured

field strengths can be strongly affected by the
presence of a person taking measurements. Thus,
measurements of field strength can seem unstable
and difficult to interpret. Currents flowing within
the body can be measured at the wrist or ankle
and these are more directly related to the specific
absorption rate (SAR; dose) in the body than the
fields associated with the standing waves. Hence,
it can be preferable to measure body current (see
Section 1.3) rather than field strength on towers
with powerful VHF antennae.

Several papers discussed by ICNIRP (2009a)
have reported measurement results in the
range of tens to hundreds of volts per metre
within broadcast towers, but it is not clear how
representative these spot measurements are of
typical worker exposures. Cooper et al. (2004)
have used an instrument worn on the body as
personal dosimeter to measure electric- and
magnetic-field strengths during work activities
at a transmitter site. They reported that a wide
temporal variation in field strengths was typi-
cally found within any single record of exposure
to electric or magnetic fields during work on a
mast or tower used for high-power VHF/UHF
broadcasts. Fig 1.8 shows a typical trace that
was recorded for a worker during activities near
the VHF antennae while climbing on a high-
power VHF/UHEF lattice mast. The field strength
commonly ranged from below the detection
threshold of about 14 V/m to a level approaching
or exceeding the upper detection limit of about
77 V/m. The highest instantaneous exposures
usually occurred when the subject was in the
vicinity of high-power VHF antennae or when
a portable VHF walkie-talkie radio was used to
communicate with other workers.

Field strengths around the foot of towers/
masts have also been reported and seem quite
variable. Mantiply ef al. (1997) described values
in the range of 1-30 V/m for VHF television, 1-20
V/m for UHF television and 2-200 V/m for VHF
FM radio sites. Certain designs of antennae have
relatively strong downward-directed sidelobes,
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Fig. 1.7 Typical antenna masts for power broadcasting of radio and television signals

(b)

(a) A concrete tower, 368 m high, with a spherical structure at just above 200 m. This is accessed by lifts from ground level and contains various
equipment as well as a public restaurant. The radiating antennae are above the sphere and the antennae operating at the highest frequencies are
nearest to the top. Multiple dipole antennae protrude through the wall of the red/white cylinder to provide FM radio services in band II, and
television and DAB services in band III. Contained within the top-most section of the tower are the band IV and V antennae for more television

services.

(b) A steel-lattice tower with the television antennae in the white cylinder at the top. Antennae for VHF and DAB broadcast radio services are
mounted on the outside of the tower just below the television antenna and there are multiple antennae for other communications purposes at
lower heights. The transmitters are in a building near the base of the tower and the coaxial cables carrying the RF to the transmitting antennae

pass up inside the tower.
Courtesy of the Health Protection Agency, United Kingdom

known as grating lobes, which is a possible expla-
nation for such variability.

VHF/UHF broadcast antennae are designed
to direct their beams towards the horizon, usually
in all directions around the tower. Hence, field
strengths at ground level and in communities
near the tower are much lower than at comparable
distances within the beam. When the beams do
eventually reach ground level, they have spread
out considerably, again implying that exposures
for the general public are substantially lower than
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those for workers at locations to which they have
access, as summarized above (ICNIRP, 2009a).
Mantiply et al. (1997) report studies of popu-
lation exposure in the USA conducted during the
1980sand based on spot measurements at selected
outdoor locations. An estimated 50%, 32% and
20% of the population were exposed at greater
than 0.1 V/m from VHF radio, VHF television
and UHF television signals, respectively. VHF
radio and television caused exposures to 0.5%
and 0.005% of the population at greater than
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Fig. 1.8 Relative electric-field strength recorded for an engineer operating on a mast supporting
antennae for high-power VHF/UHF broadcast transmissions
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The reference level is 61 V/m, as taken from the ICNIRP (1998) exposure guidelines for workers over the relevant frequency range (10-400 MHz).

UHEF, ultra high frequency; VHF, very high frequency
From Cooper et al. (2004). By permission of Oxford University Press.

2 V/m, while UHF television caused exposure to
0.01% of the population at greater than 1 V/m.
Field strengths associated with VHF/
UHF radio and television broadcast signals
were measured at 200 statistically distributed
locations in residential areas around Munich and
Nuremberg in Germany (Schubert ef al., 2007).
The aim of the study was to investigate whether
the levels had changed as a result of the switch-
over from analogue to digital broadcasting, and
measurements were made before and after this
change occurred at each location. The median
power density was 0.3 pW/m?* (11 mV/m) for the
analogue signals and 1.9 pW/m? (27 mV/m) for
the digital signals. FM radio signals had median

power densities of 0.3 yW/m? (11 mV/m), similar
to the analogue television signals, and the values
ranged over approximately two orders of magni-
tude on either side of the medians for all types
of broadcast signal. It is interesting to note that
these values seem to be lower than those reported
in the USA during the 1980s.

(b) Cellular (mobile-phone) networks

Unlike broadcasting, for which high-power
transmitters are used to cover large areas
extending 100 km or more from the transmitter,
cellular networks employ large numbers of low-
power transmitters, knownasbasestations, which
are scattered throughout an area where coverage
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Fig. 1.9 Example of a coverage plan for a
cellular network

Each cell is hexagonal, with a base station at its centre and configured
to provide signals over three sectors of 120 degrees. The shading show
how coverage is provided everywhere by use of 12 frequency channels,
none of which are used in the adjacent cells.

Courtesy of the Health Protection Agency, United Kingdom

is to be provided. This is because communica-
tions are two-way (duplex) in cellular networks,
with each user requiring their own dedicated
communication channels, both for the uplink
(phone to base station) and for the downlink
(base station to the phone). Each base station has
limited capacity in terms of the number of calls it
can serve simultaneously, so the transmitters are
closer together in locations where there is a high
density of users. For example, the transmitters
may be about 10 km apart in sparsely populated
areas, but 100 m or less apart in city centres.

An important consideration in the design of
cellular networks is that operators have a limited
spectrum window available and have to reuse
their frequency channels to provide coverage
everywhere. A typical frequency map illustrating
how coverage can be provided with 12 frequency
channels is shown in Fig. 1.9. Signals that use
the same frequency in different cells can poten-
tially interfere with each other, but the signal
strength diminishes with increasing distance
from base stations and frequencies are not reused
in adjacent cells/sectors. Hence, services can be
provided without interference, provided that
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the radiated powers of phones and base stations
are minimized during calls. This principle has
important consequences for the RF exposures of
people using phones and living near base stations
(ICNIRP, 2009a).

Developments in mobile-phone technology
are broadly categorized according to four
different generations (Table 1.4). The first-gener-
ation networks (1G) were rolled-out in the mid-
1980s and included Advanced Mobile Phone
System (AMPS) in North America, Total Access
Communication Systems (TACS) in much of
Europe, Nippon Telegraph and Telephone (NTT)
in Japan, and Nordic Mobile Telephony (NMT)
in Scandinavia. The systems were based on
analogue technology and used frequency modu-
lation to deliver voice-communication services.
These networks mostly closed down from around
the year 2000, as users moved to later generations
of the technology (ICNIRP, 2009a).

Second-generation networks (2G) were
established in the early 1990s and continue to
operate. They are based on digital technology and
use voice coding to improve spectral efficiency.
Many systems use time-division multiple access
(TDMA) within their frequency channels and
such systems include Global System for Mobile
(GSM) in Europe, Personal Digital Cellular (PDC)
in Japan, and both Personal Communication
Systems (PCS) and D-AMPS (digital AMPS, also
known as “TDMA”) in North America. Other
north-American systems are known as CDMA,
because they use code-division multiple access.
2G systems were extended to include some
basic data services, but subsequent systems with
enhanced data services were usually termed 2.5G
(ICNIRP, 2009a).

The third generation of mobile phones (3G),
with comprehensive data services, became
available in the early 2000s. These phones have
developed to become today’s “smartphones,”
although it is important to recognize that they
are fully backward-compatible with 2G networks
and whether 2G or 3G is used at any given time
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Table 1.4 Frequency bands originally used by different mobile-phone systems

Generation Start date of Main System® Handsetband  Base-station Channel spacing
commercial  geographical (MHz) band (MHz) (kHz)
availability*  region
1981 Nordic countries NMT450 453.5 — 457.5 463.5 - 467.5 25
1986 NMT900 890 - 915 935 - 960 12.5
1985 Europe TACS/ETACS 872 -915 917 - 960 25

1 1989 Japan JTACS/NTACS 898 — 925 860 - 870 25/12.5
1985 Germany NET-C 451.3 - 455.74 461.3 - 465.74 20
1985 USA & Canada AMPS 824 - 849 869 — 894 30
1985 N-AMPS 824 - 849 869 — 894 10
1987 Japan NTT 925 - 940 870 - 885 25
1992 USA & Canada  TDMAS800 824 - 849 869 - 894 30
1998 TDMA1900 1850 - 1910 1930 - 1990 30
1992 Europe GSM900 890 - 915 935 - 960 200
1993 GSM1800 1710 - 1785 1805 - 1880 200

2 2001 USA & Canada GSM1900 (PCS) 1850 - 1910 1930 - 1990 200
1993 Japan PDC800 940 - 956 810 - 826 25
1994 PDC1500 1429 - 1465 1477 - 1513 25
1998 USA & Canada CDMAS800 824 - 849 869 - 894 1250
1997 CDMA1900 1850 - 1910 1930 - 1990 1250

3 2001 World IMT-2000 1920 - 1980°¢ 2110 - 2170¢ 5000

(W-CDMA)
4 World LTE Many possible ~ Many possible Various

* The start dates of use will be different depending on country.
® For abbreviations, see Cardis ef al. (2011b) and Singal (2010).

¢ Technical standards for a 2001 version for the 3G systems (IMT-2000). Note that standards for the 3G systems evolve quickly.
Compiled by the Working Group and adapted mainly from the references mentioned in footnote b

depends on network coverage and how operators
have chosen to manage call/data traffic within
their network. The systems use CDMA radio-
access methods (ICNIRP, 2009a).

A fourth generation (4G) of the technology
is just starting to be rolled out to meet the
increasing demand for data services. Some
systems are known as Long-term Evolution
(LTE) and use orthogonal frequency-division
multiplexing (OFDM), while others are based
on Worldwide Interoperability for Microwave
Access (WiMax). As with 3G services, this tech-
nology will be overlaid on other services, and
phones will be able to support multiple access
modes (4G, 3G and 2G) (Buddhikot ef al., 2009).

The frequency bands originally used by
cellular networks in various parts of the world

are shown in Table 1.4. It is important to note
that spectrum liberalization is ongoing at
present, such that operators who hold a license
for a particular part of the spectrum may choose
to use it to provide services with any technology
they wish. For example, bands originally reserved
for 2G services such as GSM are being made
available for 3G/4G services in many countries
as demand shifts from 2G to systems with more
capacity for data services. Also, with the move
to digital-television broadcasting, the spectrum
in the frequency range of 698 to 854 MHz is
becoming available and being reallocated to
3G/4G cellular services (Buddhikot ef al., 2009).
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(i) Mobile-phone handsets

The output powers and - where TDMA is
used - the burst characteristics of various types
of mobile phones are summarized in Table 1.5.
Analogue mobile phones were specified to have
maximum equivalent isotropically radiated
powers (EIRP) of 1 W, but the antennae were not
isotropic and would have had gains of around
2 dB. This implies the radiated powers would
have been around 600 mW. 2G mobile phones
that use TDMA have time-averaged powers that
are less than their peak powers according to their
duty factors, i.e. the time they spend transmit-
ting, as a proportion of the total. For example,
GSM phones that transmit at a power level of
2 W in the 900 MHz band (GSM900) have time-
averaged powers that are 12% of this, i.e. 240
mW. Maximum time-averaged output powers
are generally in the range of 125-250 mW for 2G
onwards.

Mobile phones are generally held with their
transmitting antennae around 1-2 cm from the
body, so the RF fields they produce are highly
non-uniform over the body and diminish rapidly
in strength with increasing distance. The fields
penetrate body tissues, leading to energy absorp-
tion, which is described by the SAR. SAR values
are derived by phone manufacturers under a
series of prescribed tests and the maximum value
recorded under any of the tests is reported in the
product literature. Values in normal usage posi-
tions should be lower than the values declared by
manufacturers because the positions used in the
testing standards are designed to mimic near-
worst-case conditions.

While Table 1.5 gives maximum output
powers for phones, the actual power used at any
pointduringacallisvariable up to this maximum.
As mentioned above, to minimize interference in
the networks, the power is dynamically reduced
to the minimum necessary to carry out calls.
Vrijheid et al. (2009a) found that the reduction
was on average to around 50% of the maximum
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with GSM phones, whereas Gati ef al. (2009)
reported that 3G phones only operated at a few
percent of the maximum power.

Another consideration is that GSM phones
employ a mode called discontinuous transmis-
sion (DTX), under which their transmission-
burst pattern changes to one with a lower duty
factor during the periods of a conversation when
the mobile-phone user is not talking. Wiart et al.
(2000) found that DTX reduced average power
by about 30% for GSM phones.

(i) Time trends in SAR for mobile phones

As shown in Table 1.5, analogue mobile
phones had higher specified maximum radiated
powers than digital ones (typically 0.6 W versus
0.1-0.25 W). While these systems are no longer
in use and few data on exposure are available,
it is of interest to consider whether exposures
from these phones would have been higher than
with present-day phones. Key differences, aside
from relative power levels, are that analogue
phones were larger than their modern digital
counterparts and that they generally had larger
antennae, e.g. extractable whip antennae rather
than the compact helices and patch antennae
used nowadays. The increased distance between
the antenna and the head would have reduced
the SAR level overall, and the larger size of the
antenna would have led to a more diftfuse distri-
bution of SAR in the head.

The evolution of localized SAR values over
time is also interesting to consider. Cardis ef al.
(2011b) assembled a database of reported peak
1-g and 10-g SARs for phones from a range of
publications and web sites. Most data covered
the years 1997-2003, and no significant upward
or downward trends over this time period were
found for the 900 MHz or 1800 MHz bands.

In summary, the peak spatial SARs (psSAR)
do not seem to have changed significantly over
time as analogue phones have been replaced by
digital ones. However, the more diffuse nature of
the distributions produced by analogue phones
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Table 1.5 Output powers and TDMA characteristics of various types of mobile phone

System Peak power (W) Burst duration (ms) TDMA duty factor Average power (W)
EIRP Output

GSM900 - 2.0 0.5769 0.12 0.24

GSM1800 - 1.0 0.5769 0.12 0.12

PCS1900 - 1.0 0.5769 0.12 0.12

NMT450 1.5 0.9 - NA 0.9

PDC - 0.8 3.333 or 6.666 1/6 or 1/3 0.133 or 0.266

NMT900 1.0 0.6 - NA 0.6

TACS/ETACS 1.0 0.6 - NA 0.6

AMPS/NAMPS 1.0 0.6 - NA 0.6

TDMAS800 - 0.6 6.666 1/3 0.2

TDMA1900 - 0.6 6.666 1/3 0.2

CDMAS800 - 0.25 NA 0.25

CDMA1900 - 0.25 NA 0.25

IMT-2000 - 0.25 NA 0.25

EIRP, equivalent isotropically radiated power; NA, not applicable; TDMA, time-division multiple access

Compiled by the Working Group

would likely have led to a greater overall SAR in
the head, including the brain.

(iii) Phones not making calls

The emitted powers from phones when they
are on standby and not making calls are also
of interest. Systematic studies have not been
published on this topic, but transmissions under
these conditions are brief and infrequent, and
exposure is expected to be very small when
averaged over time.

Phones equipped for data services such as
e-mail will transmit for longer time periods than
ordinary phones because they will be checking
e-mail servers and synchronizing databases held
on the phone with those on remote servers. Also,
uploading large files such as videos and photo-
graphs may take many minutes. The phone is
unlikely to be held against the user’s head while
this is taking place, although it may be in the
user’s pocket or elsewhere on the body, which
may lead to local emissions at a higher power
level than during calls, e.g. if general packet radio
service (GPRS) is used, involving multislot trans-
mission with GSM.

The sending of a text message from a mobile
phone involves a short period of transmission.
Gati et al. (2009) showed that a long text message
would take at most 1.5 seconds to send with GSM
systems.

(iv) Hands-free kits and Bluetooth earpieces

A phone may sometimes be used with a wired
hands-free kit, in which case parts of the body
other than the head may be exposed to maximal
localized SARs, e.g. if the phone is placed in the
user’s pocket during the call. While one might
expect that the audio cable to the ear-piece would
not efficiently guide RF fields to the ear-piece,
and that the use of wired hands-free kits would
lead to greatly reduced SARs in the head due to
the increased distance of the phone from the
head, there have been suggestions that this is not
always the case.

Porter et al. (2005) showed that the layout
of the cables of the hands-free kit was a critical
factor in determining head exposures and that
certain geometries could result in appreciably
more power being coupled into the audio cable
than others. However, in all of the combinations
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tested, the maximum value for SAR 10 g was lower
when a hands-free kit was used than when it
was not. Kithn ef al. (2009a) further developed
procedures for the testing of hands-free Kkits
under worst-case and realistic conditions of use
and applied them to a set of phones and kits. The
authors concluded that exposure of the entire
head was lower when a hands-free kit was used
than when the phone was held directly against
the head, but that there might be very localized
increases in exposure in the ear.

Wireless hands-free kits are available that
use the Bluetooth RF communications protocol
to link to a mobile-phone handset located
within a few metres of the body. This protocol
provides for RF transmissions in the frequency
range 2.4-2.5 GHz at power levels of 1, 2.5 or
100 mW. Only the lowest of these power levels
would be used with a wireless hands-free kit and
these are around a hundred times lower than the
maximum output powers of mobile phones. In
the study on wired hands-free kits mentioned
above, Kiithn et al. (2009a) also tested Bluetooth
wireless hands-free kits and concluded that they
are responsible for a low but constant exposure.

(v) Mobile-phone base stations

The base stations that provide mobile-phone
services to come in many different sizes and
shapes, according to their individual coverage
requirements.

The radiated powers and heights of mobile-
phone base-station antennae are highly vari-
able. Cooper et al. (2006) collected data on
base-station antenna height and power from
all cellular operators in the United Kingdom, a
total of 32 837 base stations, for the year 2002.
The data are presented in Fig. 1.10 and show that
base-station powers typically vary from about
0.1 W to 200 W and that heights range from about
3 m to 60 m above ground level. There is a large
group of base stations with heights in the range
15-25 m and powers in the range 20-100 W, and
a second group with heights in the range 2-6 m
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and powers of about 2 W. Cooper et al. concluded
thatthe base stationsin the first group arelikely to
serve macrocells and provide the main coverage
for cellular networks, while those in the second
group are likely to be microcells and provide a
second layer of coverage, e.g. in densely popu-
lated areas.

Numerous spot measurements have been
carried out to determine levels of exposure in
the vicinity of mobile-phone base stations, often
within national campaigns to address public
concerns. Generally, these spot measurements
take into account exposure contributions from
all signals in the bands used by the base station at
the time of measurement, but ignore other parts
of the spectrum, such as those used by broad-
cast transmitters. Mann (2010) summarized
the United Kingdom audit programme, which
encompassed 3321 measurements at 541 sites
comprising 339 schools, 37 hospitals and 165
other locations. Exposure quotients, describing
the fraction of the ICNIRP general public refer-
ence level (ICNIRP, 1998) that is contributed
collectively by the signals measured, are shown
in Fig. 1.11 as a cumulative distribution.

Fig. 1.11 includes a log-normal curve fitted
optimally (least squares) to the data. The curve
suggests that the data are approximately log-
normally distributed, although with a longer tail
towards the lower values. The quotient values
are 8.1 x 10° (3.0 x 10® — 2.5 x 10"*), where the
first figure is the median value and the values
in parentheses indicate the range from the 5th
to the 95th percentile. About 55% of the meas-
urements were made outdoors and these were
associated with higher exposure quotients than
the indoor measurements. The median quotients
for the outdoor and indoor measurements were
1.7 x 10”° and 2.8 x 10° respectively, i.e. the
outdoor median was around six times higher
than the indoor median (Mann, 2010).

The exposure quotients may be converted
to electric-field strengths or power densities by
assuming a value for the reference level, but the
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Fig. 1.10 Distribution of 32 837 base stations in the United Kingdom according to average antenna
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From Cooper et al. (2006

latter varies from 2 to 10 W/m? over the frequency
range considered in the measurements (TETRA
at 390 MHz to UMTS at 2170 MHz). The varia-
tion of the reference level is, however, very much
less than the variation in the exposure quotients,
so taking 4.5 W/m? as the reference level (the
value at 900 MHz) still yields useful data. The
power densities and electric-field strengths based
on this assumed value are shown in Table 1.6.
Table 1.6 shows electric-field strengths that
range from about ten to a few hundred millivolts
per metre indoors, where people spend most of
their time. However, in considering these data it

is important to recognize that the indoor sites
in this study were selected according to public
concern regarding a nearby base station; these
field strengths may thus be higher than would be
found at locations representative of exposure of
the general population.

Petersen & Testagrossa (1992) published
measurements of power densities around
analogue base-station sites in the USA, trans-
mitting in the frequency range 869-894 MHz.
A basic start-up site would serve a cell with a
range of up to 12-16 km and provide up to 16
signals (each serving one phone call) from a
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Fig. 1.11 Cumulative distribution of exposure quotients corresponding to 3321 spot measurements made by Office of
Communications at 499 sites where public concern had been expressed about nearby base stations
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Table 1.6 Summary of exposure quotients measured in the United Kingdom

Category No. of Exposure quotient Power density Electric-field strength
measurements (x107°) (UW/m?) (mV/m)
Median Range* Median Range® Median  Range®
All data 3321 8.1 0.03 - 250 37 0.13 - 1100 120 7.1 - 650
Outdoor 1809 17 0.052 - 314 77 0.23 - 1400 170 9.3-730
Indoor 1516 2.8 0.024 - 124 13 0.11 - 560 69 6.4 - 460

* Range from 5th to 95th percentiles

These data are from an audit of base stations up to the end of 2007. Equivalent power densities and electric-field strengths are given assuming a

reference level of 4.5 W/m?2.

Adapted from Mann (2010)

single omni-directional antenna. As demand
grew, sites could be expanded to split cells into
three sectors with up to six antennae mounted
on a triangular mast head. Again, each antenna
would provide up to 16 signals, so there would be
a maximum of 96 signals available, 32 of which
would have been directed into each sector. Values
for nominal ERP (see Glossary) were about 100 W
and so the radiated power would have been of the
order of 10 W per signal from omni-directional
and sectored sites, with typical antenna gains in
the range of 9-10 dB and 8-12 dB, respectively.
For four masts ranging from 46 to 82 m in
height, measurements were made at intervals
along radials from the bases of the masts out to
distances of a few hundred metres. Individual
signals from a given antenna were found tovaryin
strength at any given measurement position and
the sidelobe structure of the antenna was evident
in that the signal strength had an oscillatory
dependence on distance. The maximum power
density per signal was < 100 pW/m?, except in
proximity to metal structures near the foot of
the tower. Thus, even for 96 signals transmitted
simultaneously, the maximum aggregate power
density possible would have been < 10 mW/m?.
Henderson & Bangay (2006) reported on
a survey of exposures around 60 base station
sites in Australia transmitting CDMAS800 (29
sites), GSM900 (51 sites), GSM1800 (12 sites)
and 3G UMTS (35 sites) signals. Initially,
computer modelling was carried out to identify

the direction from the mast where maximum
exposures were expected. Measurements were
then made at distances of 50, 200 and 500 m,
and further measurements were then made at
the distance where maximum exposures were
predicted, which varied from 14 to 480 m from the
mast as a consequence of antenna height, pattern
and tilt. The maximum recorded power density
of 7.8 mW/m? corresponded to an exposure
quotient of 0.002 (0.2%) relative to the ICNIRP
public reference level (identical to the Australian
standard at the frequencies concerned). The
cumulative distributions also reported in this
paper showed roughly similar median exposure
quotients of about 0.0015 at 50 and 200 m, 0.0001
at 500 m and 0.004 at the maximum.

The study by Cooper et al. (2006) mentioned
above focused on measurements around 20 GSM
base stations with powers < 5 W and heights
< 10 m, selected randomly from all base stations
in the United Kingdom. From the total of 32 837
base stations, 3008 eligible stations were identi-
fied. The antennae of the selected base stations
were often fixed to the walls of buildings at a
minimum height of 2.8 m. Theoretical calcula-
tions based on the radiated powers showed that
the minimum height at which the reference
level could be reached was 2.4 m above ground.
Exposure measurements were made as a func-
tion of distance at 10 of the 20 sites and at 610
locations in total, ranging from 1 to 100 m from
the antenna. The highest spot measurement at
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an accessible location represented 8.6% of the
reference level and the exposures more gener-
ally ranged from 0.002% to 2% of the ICNIRP
public reference level. Empirical fits showed that
the exposure quotients decreased in a way that
was inversely proportional to the distance, for
distances up to about 20 m from the antennae
and thereafter diminished with the fourth power
of distance. Exposures close to microcell base
stations were found to be higher than close to
macrocell base stations, because the antennae
were at lower heights and could be approached
more closely by the public.

Kim & Park (2010) made measurements at 50
locations between 32 and 422 m from CDMA800
and CDMA1800 base stations in the Republic of
Korea. The base stations were selected to repre-
sent locations where concern had been expressed
by the local population. The highest reported
electric field level was 1.5 V/m, equivalent to an
exposure quotient of 0.0015 (0.15%) compared
with the reference level, and the median expo-
sure quotient was below 0.0001 (0.01%).

The most recent studies have used personal-
exposure meters worn for periods of up to several
days by groups of volunteers. These studies are
covered in Section 1.6.1, and provide informa-
tion not only on exposure from base stations,
but also from other environmental transmitters
during typical activities.

(vi) Terrestrial Trunked Radio (TETRA)

TETRA is a cellular radio system designed to
meet the needs of professional users and emer-
gency services. The handsets can be used like
mobile phones, but are normally used as walkie-
talkies, held in front of the face and in push-to-
talk (PTT) mode. Remote speaker microphones
and a variety of covert add-ons are also available.
When the handsets are used with accessories,
the transmitting handset may be mounted on
the belt, on the chest, or elsewhere on the body.
Systems for use in vehicles with the transmitting
antennae mounted externally are also available.
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The operating principles and the detailed charac-
teristics of the signals involved are described in a
review by AGNIR (2001).

Several frequency bands are available
between 380 and 470 MHz, as well as one set of
bands near 900 MHz. Handsets can have peak
emitted powers of 1 W or 3 W, while vehicle-
mounted transmitters can have powers of 3 W
or 10 W. Base stations have similar powers to
those used for mobile-phone networks, i.e. a few
tens of watts. The system uses TDMA, although
the frame rate is slower than that of the TDMA
systems involved with mobile phones. There are
four slots per frame and 17.6 frames per second.
Hence, the bursts from handsets occupy slots
with a duration of 14.2 ms and the time-averaged
power is a quarter of the peak powers mentioned
earlier in this paragraph. The base stations
transmit continuous signals AGNIR (2001).

The AGNIR review refers to SARs measured
from 1 W and 3 W handsets held to either side
of the head and in front of the face in a model
of the head. With spatial averaging over 10 g,
as per ICNIRP and IEEE exposure guidelines,
the 1 W radio produced SARs of 0.88, 0.89 and
0.24 W/kg on the left, right and front of the face,
respectively, while the 3 W radio produced SARs
of 2.88, 2.33 and 0.53 W/kg, respectively, under
the same conditions.

Dimbylow et al. (2003) developed a numer-
ical model of a commercially available TETRA
handset and calculated SARs in an anatomically
realistic numerical model (resolution, 2 mm)
of the head developed from MRI images. The
handset was modelled as a metal box of dimen-
sions 34 x 50 x 134 mm, and with either a helical
(pitch, 4 mm; diameter, 8 mm) or a monopole
antenna mounted on its top face, and resonant at
380 MHz. For the handset held vertically in front
of the face in the position that was considered to
be most representative of practical use, the aver-
aged SARs at 10 g were 1.67 W/kg and 2.37 W/kg
per watt of radiated power with the monopole and
helical antennae, respectively. Various positions
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were considered with the handset held to the
sides of the head and the maximum SARs with
the two antennae were 2.33 and 3.90 W/kg
per watt. These values suggest SARs with 3 W
handsets (3/4 W time-averaged) having a helical
antenna could exceed the 2 W/kg restriction on
exposure for the general public, if the handsets
were to transmit at full power for 6 minutes while

held to the side of the head.

(vii) Cordless phones

Cordless phones are used to make voice calls
and are held against the head just like mobile
phones. Hence, the antenna inside the phone is
in close proximity to the head and its radiated
fields deposit energy inside the head tissues near
to the phone, in a similar way to the fields from
mobile phones. With cordless phones, commu-
nications are made over shorter distances than
with mobile phones and so the radiated powers
used are lower, but cordless phones do not use
adaptive power control, which means that, unlike
mobile phones, they do not continually adapt
their radiated power to the minimum necessary
for satisfactory communication (ETSIL, 2010).

With simple cordless installations, the phones
are typically placed back on a desk or charging
point after a call has finished. However, there
are also more complicated installations in which
multiple base stations are installed throughout a
building and the phones are carried by the user
as a personal phone. The radio communications
are over distances of a few tens of metres and to
the nearest base station, which provides the link
into the main wired telephone system.

The first cordless phones used analogue
technology and operated to a range of different
technical standards, with continuous emitted
power levels of about 10 mW during calls.
Frequencies were generally in the range
30-50 MHz and therefore about 20 times lower
than the frequencies used by mobile phones.
Some phones used telescopic antennae of about
15-30 cm in length, while others used helical

antennae of about 5 cm in length. The lower
frequencies and the greater size of the antennae
used with analogue cordless phones would have
resulted in a smaller proportion of the radiated
power being absorbed, and also in a more diftuse
pattern of absorption in the head than occurs
with mobile phones (ETSI, 2010).

Modern cordless phones use digital tech-
nology, including the digital enhanced cord-
less telecommunications (DECT) technical
standard, which operates in the frequency band
1880-1900 MHz and is the main system used
in Europe. In other parts of the world, systems
operating around 900, 2400 and 5800 MHz are
used as well as DECT (ETSIL, 2010).

DECT systems produce discontinuous emis-
sions due to their use of TDMA. The signals from
the phone and base station during calls are in the
form of 100 bursts every second, each of about
0.4 ms in duration. These bursts are emitted at a
peak power level of 250 mW, but the time-aver-
aged power is 10 mW because each device only
transmits for 1/24 of the time (duty factor of 4%).
Handsets do not transmit unless calls are being
made, but when on “standby” most base stations
produce 100 beacon pulses per second, each
pulse being 0.08 ms in duration. This implies a
duty factor of 0.8% (ETSL 2010).

(viii) Professional mobile radio systems

A variety of professional mobile radio
systems, also called private mobile radio (PMR),
have been developed over the years and these
are generally licensed to professional users by
spectrum-management agencies in the coun-
tries where they are used. In many countries,
the emergency services (police, fire, ambulance,
etc.) are converting to the use of digital cellular
systems, such as TETRA, although analogue
systems — which were the norm before roll-out
of TETRA systems - are also used.

The PMR systems use frequencies in the VHF
and UHF parts of the spectrum; VHF generally
propagates further for a given radiated power
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and is, therefore, preferred for longer-distance
communications. On the other hand, UHF
systems have smaller antennae and present as
more compact terminals.

Systems exist in the form of walkie-talkies
that are held in front of the face and used in
push-to-talk (PTT) mode; they may be built
into vehicles with external, e.g. roof-mounted,
antennae or be worn on the body. The transmit-
ting antennae can be on the handset itself, on
the vehicle, or carried on the chest or waist. The
radiated powers are typically in the range 1-5 W,
but it is important to take into account the duty
factor associated with how they are used: the
PTT mode will involve only a few seconds of
transmission during the time that the button is
pressed down and the user is speaking.

(c) Wireless networks

Wireless networking has developed rapidly
since about 2000 and is becoming the method
of choice for connecting mobile devices such as
laptop computers and mobile phones to other
electronic systems and to the Internet. The
networks are found in homes, schools, public
places such as cafés and transport hubs, and
in the workplace. The systems operate to the
IEEE802.11 family of technical standards and are
often known as “Wi-Fi,” after the Wi-Fi Alliance,
an organization that certifies inter-operability of
devices on the market.

The original version of IEEE802.11 was
published in 1997 and provided for data-transfer
rates of up to 2 Mbit/s through frequency chan-
nels between 2.4 and 2.5 GHz. Subsequent
developments using this band were IEEE802.11b
and IEEE802.11 g, allowing for rates up to 11
and 54 Mbit/s, respectively. Several frequency
bands between 5 and 6 GHz are exploited by
IEEE802.11a and provide for 54 Mbit/s commu-
nications. The latest devices operate according
to IEEE802.11n and provide up to 72 Mbit/s in
a single frequency channel, but the standard
allows for devices that can use multiple frequency
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channels simultaneously to deliver much higher
data rates (ICNIRP, 2009a).

The IEEE802.11 standard specifies maximum
radiated powers, but these are above the values
permitted by regulatory agencies in many parts
of the world. For example, in Europe the tech-
nical standards EN300328 and EN301893 limit
the EIRP to 100 mW in the 2.4-GHz band and
200 mW in the 5 GHz band, respectively. Peyman
et al. (2011) measured the actual power radiated
by a selection of Wi-Fi devices marketed among
schools in the United Kingdom. The spherically
integrated radiated power (IRP) ranged from 5 to
17 mW for fifteen laptops in the 2.45 GHz band
and from 1 to 16 mW for eight laptops in the
5 GHz band. For practical reasons and because
access points are generally wall-mounted with
beams directed into the room, their powers were
integrated over a hemisphere. These ranged from
3 to 28 mW for twelve access points at 2.4 GHz
and from 3 to 29 mW for six access points at
5 GHz. Thus the radiated powers of laptops seem
to range from a few mW up to about 30 mW. In
principle, these measurements imply that the
powers of access points could range from a few
mW up to around 60 mW, if their patterns extend
symmetrically into the unmeasured hemisphere,
which seems unlikely.

The RF emissions from Wi-Fi devices are in
the form of short bursts containing portions of
the data being transmitted and other informa-
tion, such as acknowledgements that data have
been successfully received. Unlike the emissions
from mobile phones using TDMA, the bursts are
irregularin terms of timing and duration. Typical
bursts range from about 10 ps to about 1 ms in
duration. If data are lost or corrupted during
transmission, bursts are retransmitted until they
are successfully received. Also, under conditions
where communications are poor, e.g. due to
weak signal strength, the systems can lower their
data-transfer rates to have better signal-to-noise
ratios and improved reliability. This increases the
cumulative time that it takes to transmit a given
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amount of data. Thus, high signal strengths from
Wi-Fi devices (during transmission of bursts) do
not necessarily translate to higher exposures,
because this results in lower duty factors (Mann,
2010).

Comprehensive data are yet to be published
regarding the duty factors of Wi-Fi equipment
during normal use; however, Khalid ef al. (2011)
has reported initial results from the use of data-
traffic capturing and packet-counting equipment
in school networks. Transmitted bursts were
captured to determine the proportion of time
during which Wi-Fi devices transmitted while
children were using laptops during their lessons.
The laptops were mostly used for receiving traffic
from the access points and therefore laptop-
transmit times were low. Duty factors for the
monitored laptops were consistently less than
1% and those of access points were less than
10%. Baseline duty factors of access points (with
no data being transferred) are about 1%, due to
beacon pulses of duration 1 ms that are produced
at a rate of ten pulses per second (Mann, 2010).

The SAR values produced when using laptop
computers equipped with Wi-Fi transmitters
have been evaluated by several authors. Most
devices now have built-in antennae located
around and along the top edge of the screen,
which are therefore at greater distances from
the body than a mobile phone held against the
head. The rapid reduction in field strength that
occurs with increasing distance means that SARs
can be expected to be much lower than from
mobile phones under such scenarios. Based on
a continuous radiated power of 100 mW under
a range of such scenarios, Findlay & Dimbylow
(2010) calculated a maximum 10 g averaged SAR
of 5.7 mW/kg in the head.

When Wi-Fi devices are able to transmit
continuously with their antennae in close
proximity to the body, the SARs may be higher
thaninthescenariodescribed above. Forexample,
Kiihn et al. (2007a) measured a SAR of 0.81 W/
kg in a flat phantom with the antennae of a Wi-Fi

access point in close proximity and Schmid ef
al. (2007b) measured a SAR of 0.05 W/kg under
similar conditions from a Wi-Fi equipped PCI
card inserted into a laptop. The value reported
by Kiihn et al. is within the range of maximum
localized SARs from mobile phones (ICNIRP
1998).

Studies have also examined the general
field strengths in environments where Wi-Fi
networks are installed. Foster (2007) measured
RF fields at 55 public and private sites in the USA
and Europe (4 countries), which included private
residences, commercial spaces, and health-care
and educational institutions. In nearly all cases,
the measured Wi-Fi signal levels were far lower
than other RF signals in the same environment.
The maximum time-averaged power density in
the 2.4-GHz band measured at 1 m distance
from a laptop uploading and downloading a file
was 7 mW/m?, which is far less than the ICNIRP
(1998) reference level value of 10 W/m? for the
general public.

Schmid et al. (2007a) investigated the typical
exposure caused by wireless local area network
(WLAN) applications in small and large indoor
public areas (e.g. Internet cafés, airports).
Outdoor scenarios were also considered where
the exposure was measured in the vicinity of
access points serving residential areas and public
places. Exposure was assessed by computational
methods and by on-site measurements. The
highest values for indoor exposure were found
close to the transmitting devices (access points
or clients) where, at a distance of about 20 cm,
spatial and temporal peak values of power density
were found to reach about 100-200 mW/m?. In
general, the exposure values were several orders
of magnitude below the ICNIRP (1998) reference
levels.

(d) Industrial applications

There are several industrial applications
for RF-EMF, many of which are described in
review reports and papers. On the whole, the
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literature is rather old and difficult to interpret
since reported field values have generally been
taken in the context of compliance assessments
rather than epidemiological studies, so it is hard
to judge what the typical exposures of workers
may have been. Only a brief description of some
of the sources producing the highest exposures
is included here.

(i) Industrial induction heating

Industrial induction heating involves the use
of induction furnaces equipped with large coils
that produce strong magnetic fields. Conducting
materials for treatment are placed inside the coils
and the magnetic fields cause eddy currents,
resulting in heating of the conducting materials.
Typical applications include surface hardening,
softening and melting metals, mixing alloys and
heating gaseous conductors such as plasmas. The
frequencies used span a wide range, from 50 Hz
through to a few megahertz, so not all applica-
tions fall within the scope of this Monograph. The
fields can be considerable and worker exposures
are greatest for tasks that involve approaching
the coils, e.g. when taking samples from within
the coils of open furnaces. The coil impedances
increase with frequency and electric fields can
become the dominant contributor to exposure
(rather than magnetic fields) at frequencies
above about 100 kHz (ICNIRP, 2009a). Allen et
al. (1994) have provided a review of measured
exposures, drawing on peer-reviewed papers
from several countries and measurements made
in the United Kingdom.

(i) Dielectric heating

RF heating and drying equipment has been
used for many years and applications include pre-
heating, wood-glueing and polyvinyl chloride
(PVC) welding. These materials are lossy dielec-
trics and their conductivity at radiofrequencies
means that they can become heated-up when
placed in a strong electric field. Typical heaters
are designed to use the industrial, scientific and
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medical (ISM) bands at 13.56, 27.12 and 40.68
MHz, but reported measurements show that
frequencies are variable within the range 10-80
MHz. Powers range from less than a kilowatt to
tens of kilowatts for typical heat sealers, while
for glue-dryers the maximum power may exceed
100 kW (ICNIRP, 2009a).

The greatest source of operator exposure
comes from the use of manually actuated PVC
dielectric machines, where the operator manip-
ulates material to be welded by hand and then
clamps it between a pair of electrodes between
which the power is applied. Measurements and
other details from studies carried out in the
United Kingdom and elsewhere are described
by Allen et al. (1994). The field strengths from
dielectric heaters at the operator locations can be
in excess of the ICNIRP (1998) reference levels,
but they are non-uniform and it is necessary
to evaluate the SAR in the body to determine
compliance with the guidelines. Kinnild et al.
(2008) have developed an assessment method
based on measuring induced limb currents and
relating these to localized and whole-body SARs
(WbSARs).

(e) Medical applications

RF fields have several medical applications.
In general, exposure for the clinician will be
lower than for the patient, since the RF source
will generally be located closer to the patient, but
this is not always the case. RF fields can also be
applied for therapeutic purposes, for moderate
heating of tissue, or for much greater heating
for the cutting and destruction of tissue during
surgery.

(i) Magnetic resonance imaging (MRI)

Performing an MRI scan for diagnostic
purposes involves strong RF fields. MRI uses
a combination of EMFs to produce exception-
ally clear images of tissue structures inside the
human body, to assist with medical diagnoses.
Hydrogen atoms associated with water in the
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body tissues are made to resonate in a strong
magnetic field such that they emit RF radiation
at the resonant frequency. Therefore, variations
in the water content of tissues are the basis of the
contrast in the images obtained (HPA, 2008).

A permanent uniform static magnetic field,
typically in the range 1-3 T, but sometimes up to
8 T or more with specialized systems, is applied
over the body and causes splitting of the energy
states associated with protons (hydrogen atoms).
The difference between the energy states is such
that protons will transfer from the lower to the
upper energy state in response to an applied RF
signal at the resonant frequency. Protons will also
fall back to the lower energy state spontaneously,
and in doing so emit RF radiation at the Larmor
frequency. The Larmor frequency is given by
42.57 times the static magnetic-field strength.
Thus a 1.5 T, an MRI scan involves the applica-
tion and measurement of RF fields at 64 MHz
(HPA, 2008).

During an MRI scan, multiple RF pulses
(hundreds to thousands per second) are applied
over either the whole body or the part of the body
being visualized. The RF dose (SAR) received
by patients inside the MRI scanners is reported
by the system and can vary from < 0.1 W/kg to
about 4 W/kg for more complex settings (HPA,
2008). The desire to limit temperature increases
and prevent harm to the patient can be a limiting
factor in how quickly scans can be performed in
practice. Clinicians and any other personnel who
are near to the magnet during the scans will be
exposed to the RF fields, but the strength of the
RF fields will diminish rapidly with increasing
distance from the RF coils and the space between
them inside the scanner.

(i) Diathermy

Short-wave and microwave diathermy are
used to gently warm muscles, tendons and joints
to alleviate a variety of medical conditions.

Short-wave equipment operates at frequencies of
13.56 MHz or 27.12 MHz and powers of about

400 W. Applicators for microwave diathermy
operate at 2.45 GHz with powers of about 200 W
and tend to take the form of a radiating antenna
surrounded by reflectors that direct the emitted
energy in a forward direction. While exposure
of the patient is intentional, the scanner opera-
tors close to the equipment may be exposed
involuntarily in areas where field strengths are
high, unless they move away while the equip-
ment is in operation (ICNIRP, 2009a).

(iii) Surgical diathermy and ablation by
radiofrequency

RF fields and currents are widely used during
surgical procedures. In surgical diathermy or
electrosurgery, a small hand-held electrode acts
as a cutting or coagulation instrument. The basic
operating frequency is typically about 500 kHz
and there are harmonics produced at frequen-
cies up to around 20 MHz. Current densities in
tissues can be as high as 10 A/cm? with source
powers of up to 200 W (IPEM, 2010). Some more
recent systems use a frequency of 9.2 GHz and
powers of about 20 W delivered through needle-
like electrodes containing coaxial lines. These
systems are employed for minimally invasive
surgery, e.g. focal tumour ablation and the treat-
ment of menorrhagia by endometrial ablation
(IPEM, 2010).

(f) Domestic sources

There are few powerful sources of RF in the
home; however, among these, induction cooking
hobs and microwave ovens are of note. Less
powerful sources include remote-controlled toys,
baby monitors, and the mobile/cordless phones
and the Wi-Fi systems described earlier.

Induction cooking hobs feature coils that
produce a magnetic field beneath the metal
cooking pans that are placed on them. The
magnetic fields produce eddy currents in the
pans, which are thereby heated. The powers
transferred to the pans can be several kilowatts
and the frequencies involved are in the range
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20-50 kHz. Magnetic fields can be in the order
of the ICNIRP reference levels, but vary greatly
with user position and also depend on the place-
ment of the pan. ICNIRP (2009a) reviews studies
that have investigated these exposures.

Microwave ovens are standard fixtures in
many homes and contain microwave sources
operating at a frequency of 2.45 GHz and
producing powers beteen 500 W and 2 kW. The
design of such ovensissuch thatleakageiskepttoa
minimum and a product-performance technical
standard requires that microwave-power density
levels fall below 50 W/m? at a distance of 5 cm.
Several large surveys of leakage levels have been
performed, as described in ICNIRP (2009a), and
these indicate that approximately 99% of ovens
comply with the emission limit. According to the
measurements of Bangay & Zombolas (2003), the
maximum local SAR values at the emission limit
are 0.256 W/kg and the maximum 10 g averaged
SAR is 0.0056 W/kg.

A new source of RF that is currently being
introduced and that seems set to enter many
homes is the transmitter associated with
“smart” metering of electricity consumption
and potentially metering for other services such
as water and gas. There is no global approach to
gathering information from smart meters and
relaying it back to the utility companies, but it is
clear that radio communications will be involved.
Some systems may use mobile-phone networks
for this purpose, while others may use dedicated
radio infrastructures. Some systems may also
involve a home area network (HAN) within
which individual electrical devices in the home
can relay information about usage to a central
collection point, allowing residents to examine
the information and make decisions about their
energy consumption. Two recent investigations
commissioned by the Electric Power Research
Institute (available on the EPRI webpage) suggest
that the power level of radio transmissions will
be similar to that of mobile phones, but that the
duty factors will be low (on average, such devices
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will transmit for a small proportion of time only).
Low duty factors, combined with the greater
distances of these devices from people compared
with mobile phones, imply that exposures will be
low when compared with exposure guidelines.

(g) Security and safety applications, including
radar and navigation

A variety of systems used for security
purposes invole the application of RF, including
systems for asset tracking and identification.
These sources and exposures have been reviewed
in ICNIRP (2009a).

Radar systems operate across a broad range of
frequencies, mostly in the range 1-10 GHz, with
some short-range applications in the range of
tens of gigahertz. Emissions from these systems
represent an extreme form of pulse modula-
tion, the TDMA scheme used by some mobile
phones being a less extreme example. The duty
factor in a GSM TDMA signal is 1/8, whereas it
is typically around 1/1000 with a radar signal.
The typical duration of a pulse might be about
a microsecond, while a typical pulse period
might be about a millisecond, although these
parameters do vary and depend on the type of
radar involved. Very high power densities can
be produced in the antenna beams during the
pulses, and powers can still be high after duty
factors are taken into account to determine the
average power. To assess human exposure from
radar systems it is necessary to take into account:

o The exposure metric of interest (to
account for the pulsing, or simply based
on the average power);

« People’s juxtaposition to the beams (are
the beams going over people’s heads?);

o The duty factor associated with the
pulsing;

 The duty factor associated with rotation
(equal to the beam width in azimuth
divided by 60 degrees; probably around
200:1 in the direction that a rotating
beam sweeps through).
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Information about radar systems can be
found in the following review reports: Allen et
al. (1994), Cooper (2002) and ICNIRP (2009a).

(i)  Air traffic control

The most familiar application of radar is for
navigation and the tracking of aircraft move-
ments from rotating ground-based antennae,
e.g. at airports. Long-range systems operate
over 1-2 GHz, while moderate-range systems
operate over 2-4 GHz. The antennae tend to be
mounted sufficiently high that buildings cannot
obstruct their view of the sky and they form
narrow beams of about a degree in the horizontal
plane that sweep around 360 degrees once every
few seconds. Beams are broader in the vertical
plane and tail off in strength towards low eleva-
tion angles to avoid reflections from objects on
the ground. Aviation radar systems have quite
high emitted power levels during the pulses,
typically from tens of kilowatts to a few mega-
watts. Taking the duty factors into account leads
to time-averaged emitted powers of about 100 W
to a few kilowatts (AGNIR, 2003).

(i) Marine radar

Marine radar systems are used to inform the
crew of a ship of the presence of other vessels and
thus avoid collisions. The range of these systems
is shorter than that of aviation systems. It is
known that targets will be at ground (sea) level,
so the beam profile extends to ground level in
the plane of elevation. The rotating antennae are
mounted at height to allow a view of the sea that
is unobstructed by the structure of the ship/vessel
on which they are carried. Operating frequen-
cies are in the ranges of 2-4 or 8-12 GHz. Mean
powers are in the range 1-25 W and peak powers
can be up to about 30 kW (ICNIRP, 2009a).

(iii) Tracking radar

Tracking radar is used in military systems
to lock-on to and follow targets such as aircraft
and missiles. The antennae can rotate, execute
a nodding motion, point in a fixed direction, or

follow a target. Targets are not expected to assist
with being tracked and may even be designed
with stealth in mind and to suppress the extent to
which they reflect radar pulses. Hence, tracking
radar systems generally involve higher powers
than navigation systems and use peak powers
of up to several megawatts. Systems mostly
operate between 2 and 8 GHz. Certain tracking
radar systems can produce mean power densi-
ties > 100 W/m? at distances in excess of a kilo-
metre, even after duty-cycle correction (ICNIRP.
2009a).

(iv) Whole-body security scanners

Whole-body security scanners are used in
places such as airports to generate images of
objects carried under people’s clothing without
the need for physical contact. Active systems
transmit either ionizing (X-rays) or non-ionizing
(RF) radiation towards the body and then
analyse the scattered radiation. Passive systems
simply monitor the “black body” (thermal)
radiation given off by the body in the RF spec-
trum and do not emit any radiation. Current
active RF systems typically operate at about 30
GHz, although in the future systems may use
frequencies of up to several hundred gigahertz.
(European Commission, 2010). A note published
by AESSET (2010) described an assessment of an
active scanner operating in the frequency range
24-30 GHz. Power densities incident on the body
were reported as between 60 and 640 uyW/m?>.

(v) Other systems

Various other radar systems include those
used for monitoring weather, traffic speed,
collision avoidance with vehicles and ground
penetration.
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1.3 Dosimetry

1.3.1 Introduction

Incident EMFs are defined as external fields
in the absence of - i.e. without interaction with
— the human body, animals, or tissue samples.
Incident fields couple with the human body
and induce EMFs and currents inside the body
tissues.

Macrodosimetry is the science of quanti-
tying the three-dimensional distribution of
EMFs inside tissues and organs of biological
bodies, with averaged induced fields across
submillimetre tissue structures (e.g. cells). The
term is also applied to measurements in media
that have dielectric characteristics similar to
those of biological bodies, e.g. cell cultures, tissue-
simulating media, etc. The induced fields are the
only exposure parameters that can interact with
biological processes and, therefore, provide the
primary exposure metric (Kithn, 2009).

Microdosimetry refers to the assessment
of fields at subcellular resolution (e.g. across
membranes, proteins, etc.). This is a relatively
new research area that faces various basic
problems, such as material models and transi-
tions between classical and quantum electro-
dynamics. In all cases, however, macrodosimetry
is the first step, since microdosimetry can only
be developed from the locally averaged induced
fields. This Monograph does not cover micro-
dosimetry, and “dosimetry” used hereafter thus
refers to macrodosimetry. Dosimetry studies of
differences in dielectric properties of tissues in
human and animals models published since 1984
are described in Table 1.7.

The coupling mechanisms of the electric
and magnetic incident-field components are
different. Hence, both must be determined sepa-
rately to fully characterize human exposure.
Since coupling with the human body also
depends on the ratio of wavelength versus body
size, the RF-EMF spectrum is often divided
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into at least three ranges, e.g. 30 kHz-10 MHz
(below body resonance); 10 MHz to 2 GHz
(body and partial body resonances); and 2 GHz
to 300 GHz (surface-dominated absorption)
(ICNIRP, 2009a). Furthermore, the distribu-
tion of the induced field strongly depends on
various parameters, such as source (strength,
frequency, polarization, direction of incidence,
size, shape, etc.), distance and location of the
source with respect to the body, outer anatomy,
inner anatomy, body posture, and environment
of the body (e.g. reflective objects).

The field variations within the body are
generally large and may well exceed a factor of
thousand for the locally absorbed energy. In
general, field distributions change considerably
between different postures and orientations of
the body with respect to the field. For example,
the exposure of the brain may change even
though the whole-body average and the peak
spatial absorption remain the same.

1.3.2 Dosimetric exposure

It has only recently become technically
possible to achieve a detailed characterization of
exposure to EMFs. Hence, research on dosim-
etry during the past 30 years has been focused
on reliable determination of the exposure metric
as defined in the safety guidelines, namely, the
maximum average whole-body values and the
maximum locally-induced field values. The most
commonly used metrics are defined below.

At frequencies greater than 100 kHz, SAR is
the main measure of exposure used. SAR is the
absorbed electromagnetic energy per tissue mass
and can be calculated directly from the electric
energy loss, which is proportional to the square
of the locally induced root-mean-square value
(rms) of the electric field strength, the induced
current density and the temperature increase (see
Glossary for detailed equations). The assessment
on the basis of the initial rise in temperature
is only valid if the exposed body is in thermal
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Table 1.7 Dosimetry studies of differences in dielectric properties of tissues

Reference Description of the model

Main results and comments

Thurai et al. (1984)  Variation of dielectric properties of
brain tissue of the mouse

Thurai et al. (1985)  Dielectric properties of the
developing rabbit brain

Kuster & Balzano ~ Mechanism of energy absorption

1992 by biological bodies in the near
field
Lu et al. (1994 Dielectric properties of human

erythrocytes at radiofrequency

Peyman et al. Variation of dielectric properties
2001) of rat tissues by age, at microwave
frequencies

Peyman & Gabriel ~ Variation of dielectric properties of

(2002) biological tissue, by age

aspard et al. Dielectric properties of blood, by
2003 haematocrit value
Schmid et al. Pre- and post-mortem dielectric
(2003 properties of porcine brain tissue
Gabriel (2005 Variation of dielectric properties of

rat tissues, by age

Measurements were made on the cerebral cortex at frequencies of 10 MHz to5 GHz in six groups of mice
aged 3, 5, 19, 26, 33 or 58 days. Values of relative permittivity and conductivity are shown.

The dielectric properties of developing rabbit brain were measured at 37 °C, at frequencies between 10
MHz and 18 GHz, with time-domain and frequency-domain systems. Water dispersion in the brain
becomes more complex with age.

Heterogeneous tissues and larger biological bodies of arbitrary shape are generalized for frequencies
above 300 MHz. The SAR is found to be mainly proportional to the square of the incident H-field, which
implies that in the close near field, the psSAR is related to the antenna current and not to the input
power.

Dielectric properties of human erythrocytes in suspension (haematocrit, 50%) from 243 healthy
persons (120 men, 123 women) were measured at 25 °C, at frequencies of 1-500 MHz, with a coaxial
transmission line-reflection method (one-side measurement). A statistically significant age-dependence
was found, with a critical age of about 50 yr, above which permittivity and conductivity of human
erythrocytes in suspension decreased significantly.

The dielectric properties of tissues from rats of six different age-groups were measured at 37 °C in the
frequency range 130 MHz to 10 GHz, with an open-ended coaxial probe. The percentage decrease in

the dielectric properties of certain tissues in rats aged 30-70 days rats at mobile-phone frequencies was
tabulated. These data contribute to rigorous dosimetry in lifetime-exposure animal experiments, and
provide insight into possible differences in assessment of exposure for children and adults.

Dielectric properties of the bone marrow generally decrease with age, due to changes in water content.

Two dielectric parameters appeared to be strongly dependent on the haematocrit value. The permittivity
vs frequency decreases then increases when the haematocrit decreases. The conductivity increases in the
whole frequency range when the haematocrit decreases.

Conductivity declined 15% (at 900 MHz) and 11% (at 1800 MHz) within 1 h after death, The decline

in permittivity was 3-4%, and almost frequency-independent. In-vitro measurements of dielectric
properties of brain tissue underestimate conductivity and permittivity of living tissue. These findings
may affect generally accepted data on dielectric properties of brain tissue widely used in RF dosimetry.
Age-related dielectric data for 9 of 34 rat tissues were incorporated in a numerical dosimetry study

on anatomically heterogeneous animals with body sizes corresponding to the ages of 10, 30, and 70
days, exposed to plane waves at spot frequencies from 27 to 2000 MHz. The variation in the dielectric
properties affect the wbSAR by < 5%; the most conservative value (highest SAR) is obtained when
70-days properties are used. The dielectric properties of whole brain, skin, and skull were determined
experimentally in the frequency range 300 KHz to 300 MHz.

sp|ay d1aubewoi3da]s A>uanbaljoipey
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Table 1.7 (continued)

Reference

Description of the model

Main results and comments

Lee et al. (2006)

Christ et al. (2006)

Peyman & Gabriel
2007)

Peyman et al.
2007)

Lee et al. (2009)

Peyman et al.
2009

Development of a body model for
the Korean adult male

Electromagnetic near-field
absorption in layered biological
tissue in the frequency range
30-6000 MHz

Development and characterization
of tissue-equivalent liquids

Dielectric properties of porcine
cerebrospinal tissues in vivo, in
vitro, and by systematic variation
of age

Development of a body model for a
Korean child aged 7 yr

Dielectric properties of tissues and
SAR in children exposed to walkie-
talkie devices

The dimensions of the human body vary by age, sex, and race. The internal structure and outer
dimensions of a body exposed to an electromagnetic field are important for accurate dosimetry. Two
volunteers with body dimensions representative of the average Korean adult male were recruited and
scanned for phantom development by use of magnetic resonance and computed tomography. About 30
different tissues were manually classified by an anatomist on the raw images. The whole-body phantom
can be used for radiation protection dosimetry.

The increase in SAR depends mainly on the thickness of the fat tissue and the frequency. For frequencies
between 236 MHz and 5.8GHz, the peak spatial average SAR can increase by a factor between 1.6

and 3.5 compared with homogeneous tissue-simulating liquid. In the near-field zone, reactive E-field
components give rise to increased peak spatial averaged SAR, due to high absorption in the skin
Dielectric properties of two tissue-equivalent liquids were measured in the frequency range 30-3000
MHz. A sucrose-based solution had a permittivity of 61.3 + 1.0 and a conductivity of 0.63 + 0.02 S/m at
30 MHz. An aqueous diacetine solution had a permittivity of 54.2 + 1.2 and a conductivity of 0.75 + 0.01
S/ m at 30 MHz. At 150 and 300 MHz, the two liquids met the specified target to within 5% and 10%,
respectively.

Dielectric properties of pig cerebrospinal tissue were measured in vivo and in vitro, in the frequency
range of 50 MHz to 20 GHz. The study in vivo included tissues from pigs of different ages, weighing
about 10, 50 and 250 kg. Dielectric properties of white matter and spinal chord, but not grey matter,
showed significant variation with age.

A whole-body voxel model of a 7-yr-old male volunteer was developed from 384 axial MRIs. The model
was adjusted to the physical average of Korean boys aged 7 yr. The body weight of the adjusted model,
calculated with the mass-tissue densities, is within 6% of the 50th percentile weight.

Dielectric properties of porcine tissues in vitro — measured from 50 MHz to 20 GHz - show significant
reduction with age. Both permittivity and conductivity decreased in 10 out of 15 tissues measured,
mainly due to reduction in the water content of tissues in the ageing animal. The results were then used
to calculate the SAR values in children aged 3-7 yr exposed to RF induced by walkie-talkie devices. No
significant differences between the SAR values for the children of either age or for adults were observed.

MRI, magnetic resonance imaging; RF, radiofrequency; SAR, specific absorption rate; wk, week or weeks; yr, year or years
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equilibrium or in a steady thermal state at the
beginning of the exposure.

The SARs usually reported are values aver-
aged over time, either over the periodicity of
the signal or over any period of 6 minutes. Two
metrics are most often determined:

» Thewhole-body-averaged SAR (WwbSAR)is
the total electromagnetic power absorbed
by a body divided by its mass.

o The maximum peak spatial SAR (psSAR)
averaged over any cube inside the body
with a tissue mass of 1 g (psSAR-1 g) or
10 g (psSAR-10 g). Specific evaluation
rules have been defined in which the cube
is grown around the observation point,
whereas special rules apply in case of air
interfaces (see ANSI/IEEE, 2002a). This
value is usually reported independently
of the exposed tissue.

In recent years, the focus has shifted towards
more tissue-specific measures of exposure that
can be correlated with biological effects (Kuster
et al., 2006; Boutry et al., 2008). Examples are:

o Instant, time-averaged or cumulative
organ- and tissue-specific SAR;

« Distributions and histograms of the spa-
tially averaged SAR (sSAR) values over a
mass of 1 g or 10 g of tissue in the shape of
a cube (sSAR-1 g or sSAR-10 g) or 10 g of
contiguous tissue (sSAR-10 g ¢) (see also
Ebert, 2009).

At frequencies below 10 MHz, the following
quantities are used:

 Current density averaged over any 1 cm?
of tissue from the central nervous system
(CNS) perpendicular to the current direc-
tion (ICNIRP, 1998);

o Electric field integrated over any line seg-
ment of 5 mm in length oriented in any
direction within the tissue (IEEE, 2005);

o Electric field averaged in any 2x2x2
mm? volume (ICNIRP, 2010).

1.3.3 Coupling of incident fields with the
body

(a) Body-mounted devices

For transmitters operating at frequen-
cies greater than 300 MHz, the absorption
in proximate human tissue is approximately
proportional to the square of the incident
magnetic field (H, ) at the skin surface of the
person exposed (Kuster & Balzano, 1992). H,__is
approximately given by the square of the equiva-
lent RF current in the device (1) divided by its
distance from the human body (d).

The equations presented by these authors
explain many aspects of human exposure to
radiation from mobile phones discussed in this
Monograph, namely:

o Mobile phones close to the body
(d <0.01 m) are the dominant source of
exposure, particularly of the brain, when
the phone is held at the ear, compared
with exposure from the more powerful
base stations at larger distances (d > 10 m).

« Exposure from a mobile phone operated
by a bystander (d < 1 m) may still exceed
the exposure from a base station at mod-
erate distance.

o The absorption of energy by different
tissues is strongly dependent on the design
of the phone, and may vary more than
20-fold according to, e.g. the location of
the antenna, and the current distribution
with respect to the tissue (Kuster ef al.
2004).

o The level of local exposure is also rela-
tively strongly dependent on the position
of the phone at the head, and may vary
by a factor of more than 10 (Wiart ef al.
2007; Gosselin et al., 2011).

o The exposure of children is higher than
that of adults by a factor of approximately
two due to the different shape of chil-
dren’s heads, which brings the phone geo-
metrically closer to the brain in children
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Fig. 1.12 Variation in the whole-body specific absorption rate (SAR) produced per unit power
density as a function of frequency in the adult male phantom NORMAN, and child phantoms of
three different ages, standing on a conductive floor (grounded) and insulated
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From Mann (2010). Copyright © 2010. Published by Elsevier Masson SAS on behalf of Académie des sciences. All rights reserved.

than in adults (see Section 1.6.1 (ii); Wiart
et al., 2008).

o Hand-free kits reduce the psSAR in head
tissue by a factor of 100 and more (Porter
et al., 2005; Kiihn et al., 2009b; also see
Section 1.2.2).

o Bluetooth headsets operate at 1 mW and
the maximum psSAR is a factor of about
100 lower than that for a mobile phone
operating at the ear (Kiithn ef al., 2007a).

o WLAN transmitters in a laptop computer
also result in lower exposures to the brain
than a mobile phone operated at the ear.

o Exposures from DECT base-station
antennae located in the same room as the
person are similar to those from mobile-
phone base stations in the neighbourhood
(Kiithn et al., 2007a).
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(b) Whole-body and partial-body resonances

The human body can be described as an
elongated poor conductor. Therefore, it couples
energy best if the electric field is polarized along
the long body axis and when the electrical length
of the body is resonant, i.e. approximately half a
wavelength (A/2) foranungroundedbodyand one
quarter wavelength (A\/4) for a person standing
on a grounded floor. This was first investigated
with ellipsoids and recently refined with newly
available human models (e.g. Dimbylow, 2007a;
Conil et al., 2008; Kithn et al., 2009b). The typical
variation in wbSAR as a function of frequency
is shown in Fig. 1.12. The same effects have
been investigated for partial-body resonances
(Kiihn ef al., 2009b). The results of these model-
ling studies explain the main characteristics
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Table 1.8 Depth of penetration of muscle and fat by radiofrequency fields at typical

telecommunication frequencies

Frequency Muscle Fat

(MHz)
Relative Conductivity ~ Penetration depth  Relative Conductivity  Penetration depth®
permittivity  (S/m) (mm) permittivity  (S/m) (mm)

400 57.13 0.80 52 5.58 0.041 310

900 55.03 0.94 42 5.46 0.051 244

1800 53.55 1.34 29 5.35 0.078 158

2450 52.73 1.74 22 5.28 0.105 116

5200 49.28 4.27 8.8 5.01 0.255 47

* Penetration depths have been calculated based on the equation given in the Glossary.

MHz, megahertz; mm, millimetre; S/m, siemens per metre

Compiled by the Working Group from Tissue Properties Database: Dielectric Properties by IT’IS Foundation: http://www.itis.ethz.ch/itis-for-

health/tissue-properties/database/dielectric-properties/

of far-field exposures of between 10 MHz and
2 GHz, i.e. a strong dependence on body size and
posture, and on polarization.

(c) Below whole-body and partial-body
resonances

At exposures below the body-resonance
frequency, ie. < 10 MHz, the body can be
described as a short poor conductor. The domi-
nant exposures of concern are from near-field
sources that generally have strong field gradients.
Under these conditions, the energy is capacitively
coupled in the case of a dominant electric-field
source (dielectric heaters, diathermy applica-
tors, etc.) or inductively coupled in the case of
a dominant magnetic-field source (e.g. inductive
cooking hobs, anti-theft systems, wireless power
transfer systems, MRI, etc.). Strong induced
currents are also caused by touching metallic
objects such as fences or towers exposed to fields
from transmitting antennae (contact currents).

(d) Above whole-body and partial-body
resonances

At exposures above the body-resonance
frequency, ie. > 2 GHz, the body can be
described as a dielectric object that is large with
respect to the wavelength and the penetration
depth (see Table 1.8). Therefore, the absorption

is approximately proportional to the exposed
surface area of the body (Gosselin et al., 2011).
In this case, the wbSAR is proportional to the
largest ratio of body surface and weight (Kithn,
2009), whereas the RF energy is predominantly
absorbed at the body surface.

1.3.4 Dependence on local anatomy

(a) General

Local exposure is altered by local anatomy
due to inhomogeneity of the body tissues. In
particular, local enhancements or hot spots can
be expected as a result of impedance matching
on layered structures, e.g. skin-fat-muscle layers
(Christ et al., 2006), and due to narrowing cross-
sections of highly conductive tissues. An example
ofthelatterishighexposureintheankleswhenthe
body is grounded and the electric-field frequency
is in the range of or below body resonance; the
ankle consists mostly of low-conductive cartilage
and the integrated current is largest close to the
feet of the grounded person (Dimbylow, 2005).

(b) Mobile phones

During the last decade, the dosimetric
analysis of exposure to radiation from mobile
phones has focused on reliable compliance testing
of the phones with respect to the limits defined
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for psSAR-1 g and psSAR-10 g. The absorption
values for different mobile phones are determined
in homogeneous head phantoms, i.e. the specific
anthropometric mannequin (SAM) in touch
and tilted positions. The SAR values for different
phone positions have been compared in various
anatomical models of the head of adults and chil-
dren. Reviews of these studies concluded that the
psSAR assessed with the SAM is a conservative
measure of exposure of both adults and children
(Christ & Kuster, 2005; Martens, 2005; Wiart
et al., 2005) and that variations in psSAR among
different models can be attributed to individual
anatomical differences, but not to age-dependent
changes in head size (Kainz ef al., 2005).

The effects of age-dependent changes in
tissue conductivity have been studied by several
authors in various rodent species (Thurai et al.
1984, 1985; Peyman et al., 2001; Gabriel, 2005;
Schmid & Uberbacher, 2005).

Christ et al. (2010a) investigated the effect
of the anatomical differences on specific tissue
exposures in humans. These studies concluded
that:

« Exposure of regions inside the brain
of young children (e.g. hippocampus,
hypothalamus, etc.) can be higher by
1.6-3-fold than that in adults.

« Exposure of the bone marrow in the skull
of children can exceed that in adults by
a factor of about 10, which is due to the
high electric conductivity of this tissue at
a young age.

« Exposure of the eyes of children is higher
than that of adults. Regarding thermal
effects, however, this does not present
a problem as exposure to the eyes from
mobile phones is very low, i.e. <10% of
the psSAR.

o Because of their different locations rela-
tive to the ear, brain regions close to the
surface of the skull can exhibit large dif-
ferences in exposure between adults and
children. The cerebellum of children can
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show a psSAR that is > 2.5-fold that of the
local exposure of the cortex of adults. It
should be noted that these differences are
strongly dependent on the current dis-
tribution in the phone, i.e. on the phone
design.

o Tissues or anatomical regions that are
located at a comparable distance from
the phone in adults and children, e.g. the
pineal glands, do not show age-dependent
variations in exposure.

1.3.5 Estimation of local tissue temperature
based on psSAR

In general, the relationship between tissue
temperature and psSAR depends strongly upon
blood perfusion of the tissue, which varies across
the body. In addition, local hot spots (points of
elevated temperature) are influenced by thermal
conductivity.

The correlation between psSAR and the
increase in temperature for exposures to dipoles
and mobile phones operated close to the head has
been studied (Hirata ef al., 2003; Fujimoto et al.,
2006; Hirata et al., 2006a, b, 2008). The results
of these studies show that the correlation for a
given frequency and exposure type is often good,
but that the scaling factor strongly depends on
the frequency, the spatial averaging scheme
and mass, the tissue perfusion, and geometrical
aspects such as anatomical surface curvature.
The correlation between local averaged SAR and
temperature elevation is weak when multiple
tissues are involved. In the brain, the relationship
between psSAR and peak temperature is found
to be poor, and the tissue distribution and the
exact exposure situation have a strong impact on
brain heating, with thermo-physiological tissue
properties particularly affecting the temperature
increase in the head for a given psSAR (Samaras
et al., 2007; Mclntosh & Anderson, 2010).

The temperature increase for multiple
anatomical models was estimated over a wide
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range of frequencies (0.01-5.6 GHz) for plane
waves with different polarization and incident
angles. The peak temperature increase for a given
psSAR was strongly dependent on anatomy and
frequency, with variations of one order of magni-
tude for the cases investigated (Bakker et al.
2010).

A comparative analysis of seven publications
on the increase in brain temperature during
mobile-phone use found a high variation (66%
at 1800 MHz) in the peak increase in brain
temperature relative to the peak averaged SAR
in the head (Samaras ef al., 2007). These results
confirm the finding that the peak temperature
increase in the brain should therefore be corre-
lated with peak averaged SAR in the brain and
not with the peak averaged SAR in the whole
head. Generally, this peak temperature increase
in the brain is strongly influenced by absorption
in the neighbouring tissues, thus tissue distribu-
tion in that anatomical region is important (e.g.
the impact of the cerebrospinal fluid) (Hirata
et al., 2003).

1.3.6 Dosimetry methods

To demonstrate compliance with safety
guidelines, wbSAR and psSAR values are esti-
mated conservatively. In most cases, psSAR
values are not correlated with a specific tissue or
with typical exposures and, therefore, they can
only be used for epidemiological studies when
additional assessments and considerations are
taken into account.

It is practically impossible to measure
EMFs non-invasively or in vivo; thus, measure-
ments can only be obtained post mortem. The
limitations associated with post-mortem evalua-
tions include: (1) accessibility to certain tissues
only; (2) field distortions caused by the inva-
sively introduced probe and dielectric changes
due to decreased tissue temperature and blood
content; and (3) large uncertainties associated
with obtaining accurate measurements near and

across tissue boundaries. Only the integrated,
total absorbed power can be determined rela-
tively easily by means of the calorimetric method
(see Section 1.4.4).

Progress in computational electromagnetics
and the exponential growth of computational
power and computer memory have facilitated
the determination of field distributions in full
anatomical models of human bodies with reso-
lutions much smaller than 1 mm”. The dissipative
properties and the low quality-factor of complex
anatomical structures pose no special problem for
numerical analyses such as the finite-difference
time-domain (FDTD) method. A grid resolution
of less than 0.2 mm in a specific region of the
body and of 0.5-1 mm for uniform resolution
is the standard for today’s FDTD computations.
Finite-element methods (FEM) are also increas-
ingly used, especially for evaluation of exposures
below 10 MHz. Approaches such as the combi-
nation of the method of moment (MoM) with
FDTD, are also regularly applied (Mevyer et al.,
2003).

Numerical techniques have also become
more powerful with the availability of human
models that will soon represent the full range
of anatomical variation within the human
population. Reviews of these models are avail-
able (Dimbylow et al., 2009; Christ et al., 2010b;
Wu et al., 2011). In some of these models, body
posture can be varied. These models are applied
to assess typical exposures, to determine inter-
action mechanisms, and to derive simplified
phantoms for compliance testi