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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 carcinogenic risk of chemicals, including
requests for lists of known and suspected human
carcinogens. It was clear that it would not be
a simple task to summarize adequately the
complexity of the information that was avail-
able, and IARC began to consider means of
obtaining international expert opinion on this
topic. In 1970, the TARC Advisory Committee on
Environmental Carcinogenesis recommended °...
that a compendium on carcinogenic chemicals
be prepared by experts. The biological activity
and evaluation of practical importance to public
health should be referenced and documented.’
The TARC Governing Council adopted a resolu-
tion concerning the role of IARC in providing
government authorities with expert, inde-
pendent, scientific opinion on environmental
carcinogenesis. 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 initial title of the series.

In the succeeding years, the scope of the
programme broadened as Monographs were
developed for groups of related chemicals,
complex mixtures, occupational exposures, phys-
ical 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
further 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
scientific 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 prerog-
ative of each individual Working Group.

2. Objective and scope

The objective of the programme is to
prepare, 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 represent
the first step in carcinogen risk assessment, which
involves examination of all relevant information
to assess the strength of the available evidence
that an agent could alter the age-specific inci-
dence of cancer in humans. The Monographs may
also indicate where additional research efforts
are needed, specifically when data immediately
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 phys-
ical agents. This list of categories may expand

10

as 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 ‘risk’ is an estimate of the carcino-
genic effects expected from exposure to a cancer
hazard. The Monographs are an exercise in evalu-
ating cancer hazards, despite the historical pres-
ence of the word ‘risks’ in the title. The distinction
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
‘carcinogenic’ if it is capable of increasing the
incidence of malignant neoplasms, reducing
their latency, or increasing their severity or
multiplicity. The induction of benign neoplasms
may in some circumstances (see Part B, Section
3a) contribute to the judgement that the agent is
carcinogenic. 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 under-
stood that Monographs evaluations consider
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 carcinogenicity
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
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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 experi-
mental studies used to evaluate a cancer hazard
can also be used to estimate a dose-response
relationship. A Monograph may undertake to
estimate dose-response relationships within
the range of the available epidemiological data,
or it may compare the dose-response informa-
tion from experimental and epidemiological
studies. In some cases, a subsequent publication
may be prepared by a separate Working Group
with expertise in quantitative dose-response
assessment.

The Monographs are used by national and
international authorities to make risk assess-
ments, formulate decisions concerning preven-
tive measures, provide effective cancer control
programmes and decide among alternative
options for public health decisions. The evalu-
ations of IARC Working Groups are scientific,
qualitative 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
decisions 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 suspicion of carcinogenicity. Mixed exposures
may occur in occupational and environmental
settings 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 similar
to those of suspected carcinogens may also be
considered, even in the absence of data on a
possible carcinogenic effect in humans or exper-
imental animals.

The scientific literature is surveyed for
published data relevant to an assessment of
carcinogenicity. Ad hoc Advisory Groups
convened by JARCin 1984, 1989, 1991, 1993, 1998
and 2003 made recommendations as to which
agents should be evaluated in the Monographs
series. Recent recommendations are available
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 agen-
cies 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-eval-
uation may be made at a subsequent meeting, and
anew Monograph published. In some cases it may
be appropriate to review only the data published
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.
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4. Data for the Monographs

Each Monograph reviews all pertinent epide-
miological studies and cancer bioassays in exper-
imental animals. Those judged inadequate 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,
cancer bioassays, and mechanistic and other rele-
vant 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 2¢). Data from
government agency reports that are publicly
available 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 brackets
at the end of each study description (see Part B).
The reasons for not giving further consideration
to an individual study also are indicated in the
square brackets.
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5. Meeting participants

Five categories of participant can be present
at Monograph meetings.

(a) The Working Group

The Working Group is responsible for the
critical reviews and evaluations that are devel-
oped 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 relevant 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 understanding of mecha-
nisms of carcinogenesis; and (vi) to make an
overall evaluation of the carcinogenicity of the
exposure to humans. Working Group Members
generally have published significant research
related to the carcinogenicity of the agents being
reviewed, and IARC uses literature 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 balance of scien-
tific 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
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or subgroup chair, draft text that pertains to the
description or interpretation of cancer data, or
participate in the evaluations.

(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 JARC 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
IARC Monographs meetings (available at http:/
monographs.iarc.fr).

(e) ThelARC Secretariat

The TARC Secretariat consists of scientists
who are designated by IARC and who have rele-
vant 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
consulting, and individual and institutional
research support related to the subject of the
meeting. IARC assesses these interests to deter-
mine whether there is a conflict that warrants
somelimitationon participation. Thedeclarations
are updated and reviewed again at the opening
of the meeting. Interests related to the subject of
the meeting are disclosed to the meeting partic-
ipants and in the published volume (Cogliano
et al., 2004).

The names and principal affiliations of
participants are available on the Monographs
programme 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 prin-
cipal 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
arepresentative of any organization, government
or industry.

6. Working procedures

A separate Working Group is responsible
for developing each volume of Monographs. A
volume 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
programme web site (http://monographs.iarc.fr)
and participants are selected by IARC staft in
consultation 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 participants who are asked to prepare
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preliminary working papers for specific sections
are expected to supplement the IARC literature
searches with their own searches.

Industrial associations, labour unions
and other knowledgeable organizations may
be asked to provide input to the sections on
production and use, although this involvement
is not required as a general rule. Information on
production and trade is obtained from govern-
mental, trade and market research publications
and, in some cases, by direct contact with indus-
tries. 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
countries, production is small). Information on
uses may be obtained from published sources
but is often complemented by direct contact with
manufacturers. Efforts are made to supplement
this information with data from other national
and international sources.

Six months before the meeting, the material
obtained is sent to meeting participants to prepare
preliminary working papers. The working 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 IARC 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 (covering expo-
sure data, cancer in humans, cancer in experi-
mental animals, and mechanistic and other
relevant data) review the working papers, develop
ajoint subgroup draft and write summaries. 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.
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IARC Working Groups strive to achieve a
consensus evaluation. Consensus reflects broad
agreement among Working Group Members, but
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 IARC Monographs
programme 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
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Studies of cancer in experimental animals
Mechanistic and other relevant data
Summary

Evaluation and rationale

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
during 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 infor-
mation on the agent: this information may
vary substantially between agents and must be
adapted accordingly. Also included is informa-
tion on production and use (when appropriate),
methods 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
primary name and the IUPAC systematic name
are recorded; other synonyms are given, but the
listis not necessarily comprehensive. Information
on chemical and physical properties that are rele-
vant to identification, occurrence and biological
activity is included. A description of technical
products of chemicals includes trade names,
relevant specifications and available informa-
tion 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, structure
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 radiation,
energy and range of the radiation are included.
For foreign bodies, fibres and respirable 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
commercial 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
provided when available. In addition, methods
of synthesis used in past and present commercial
production and different methods of production,
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which may give rise to different impurities, are
described.
Thecountrieswherecompaniesreportproduc-
tion of the agent, and the number of companies
in each country, are identified. Available data
on production, international trade and uses are
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, persis-
tence and bioaccumulation of the agent are
also included. Such data may be available from
national databases.

Data that indicate the extent of past and
present human exposure, the sources of expo-
sure, the people most likely to be exposed and
the factors that contribute to the exposure are
reported. Information is presented on the range
of human exposure, including occupational and
environmental exposures. This includes relevant
findings from both developed and developing
countries. Some of these data are not distrib-
uted widely and may be available from govern-
ment reports and other sources. In the case of
mixtures, industries, occupations or processes,
information is given about all agents known to
be present. For processes, industries and occupa-
tions, a historical description is also given, noting
variations in chemical composition, physical
properties and levels of occupational exposure
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with date and place. For biological agents, the
epidemiology of infection is described.

(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,
legislation 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
contribute to the assessment of carcinogenicity in
humans — cohort studies, case-control studies,
correlation (or ecological) studies and interven-
tion studies. Rarely, results from randomized
trials 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
subsequent decrease in risk for lung cancer.

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

In some 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 interpre-
tation of case reports, case series and correlation
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 neoplasms,
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
possible 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 a result of an association between the
apparent causal factor and another factor that is
associated with either an increase or decrease in
the incidence of the disease. The role of chance is
related to biological variability and the influence
of sample size on the precision of estimates of
effect.

In evaluating the extent to which these factors
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 consider-
ations 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
diseases) 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
disease and may have been related to the expo-
sure of interest. Potential confounding by such
variables 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
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those with national rates. Internal comparisons
of frequency of disease among individuals at
different levels of exposure are also desirable in
cohort studies, since they minimize the potential
for confounding related to the difference in risk
factors 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 cancer,
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
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individual studies (pooled analysis) (Greenland
1998).

The advantages of combined analyses are
increased precision due to increased sample
size and the opportunity to explore potential
confounders, interactions and modifying effects
that may explain heterogeneity among studies
in more detail. A disadvantage of combined
analyses is the possible lack of compatibility of
data from various studies due to differences in
subject recruitment, procedures of data collec-
tion, methods of measurement and effects of
unmeasured co-variates that may differ among
studies. Despite these limitations, well conducted
combined analyses may provide a firmer basis
than individual studies for drawing conclusions
about the potential carcinogenicity of agents.

ITARC 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 speci-
fied 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 expo-
sure, duration of exposure, cumulative expo-
sure, peak exposure (when appropriate) and
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time since cessation of exposure, are reviewed
and summarized when available. Analyses of
temporal relationships may be useful in making
causal inferences. In addition, such analyses may
suggest whether a carcinogen acts early or late in
the process of carcinogenesis, although, at best,
they allow only indirect inferences about mech-
anisms 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
purposes (IARC, 1991; Vainio et al., 1992; Toniolo
etal., 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 susceptibility
may provide evidence that reinforces biological
plausibility. It should be noted, however, that
when data on genetic susceptibility originate from
multiple comparisons that arise from subgroup
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 polymorphism
can explain the carcinogenic mechanism of the
agent being evaluated, data on this phenotype
may be useful in making causal inferences.

(f)  Criteria for causality

After the quality of individual epidemiolog-
ical 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
criteria for causality (Hill, 1965). A strong asso-
ciation (e.g. a large relative risk) is more likely
to indicate causality than a weak association,
although it is recognized that estimates of effect
of small magnitude 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 epidemiological approaches or under
different circumstances 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 studies that are judged to be methodo-
logically 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, carcino-
genicity may be evident through the causation of

19



IARC MONOGRAPHS - 114

multiple tumour types. Temporality, precision
of estimates of effect, biological plausibility and
coherence of the overall database are considered.
Data on biomarkers may be employed in an
assessment of the biological plausibility of epide-
miological observations.

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

When several epidemiological studies show
little or no indication of an association between
an exposure and cancer, a judgement may be
made that, in the aggregate, they show evidence
of lack of carcinogenicity. Such a judgement
requires first that the studies meet, to a suffi-
cient degree, the standards of design and anal-
ysis described above. Specifically, the possibility
that bias, confounding or misclassification of
exposure or outcome could explain the observed
results should be considered and excluded with
reasonable certainty. In addition, all studies that
are judged to be methodologically sound should
(a) be consistent 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 narrow confidence interval, due to suffi-
cient population size. Moreover, no individual
study nor the pooled results of all the studies
should show any consistent tendency that the
relative risk of cancer increases with increasing
level of exposure. It is important to note that
evidence of lack of carcinogenicity obtained
from several epidemiological 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 devel-
opment of clinical cancer is sometimes longer
than 20 years; latent periods substantially shorter
than 30 years cannot provide 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 exper-
imental 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 experimental
animals was established or highly suspected
before epidemiological studies confirmed their
carcinogenicity in humans (Vainio et al., 1995).
Although this association cannot establish that
all agents that cause cancer in experimental
animals also cause cancer in humans, it is biolog-
ically plausible that agents for which there is suffi-
cient evidence of carcinogenicity in experimental
animals (see Part B, Section 6b) also present a
carcinogenic hazard to humans. Accordingly, in
the absence of additional scientific information,
these agents are considered to pose a carcino-
genic hazard to humans. Examples of additional
scientific information are data that demonstrate
that a given agent causes cancer in animals
through a species-specific mechanism that does
not operate in humans or data that demonstrate
that the mechanism in experimental animals
also operates 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-car-
cinogenicity studies and studies in genetically
modified animals); studies in which the end-point
was not cancer but a defined precancerous lesion;
experiments on the carcinogenicity 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
physicochemical properties of the individual
substances 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 importance,
including (i) the experimental conditions under
which the test was performed, including route,
schedule and duration of exposure, species,
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 spectrum of
neoplastic response, from preneoplastic lesions
and benign tumours to malignant neoplasms;
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 sample characterization was reported; (ii)
whether the dose was monitored adequately,
particularly in inhalation experiments; (iii)
whether the doses, duration of treatment and
route of exposure were appropriate; (iv) whether
the survival of treated animals was similar to
that of controls; (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 observa-
tion 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 et al., 1989). The occurrence of
lesions presumed to be preneoplastic may in
certain instances aid in assessing the biological
plausibility of any neoplastic response observed.
If an agent induces only benign neoplasms that
appear to be end-points that do not readily
undergo transition to malignancy, the agent
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should nevertheless 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
background 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 relationship
canvarywidely,dependingontheparticularagent
under study and the target organ. Mechanisms
such as induction of DNA damage 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 carcinogens. Since many
chemicals require metabolic activation before
being converted to their reactive intermediates,
both metabolic and toxicokinetic aspects are
important in determining the dose-response
pattern. Saturation of steps such as absorption,
activation, inactivation and elimination may
produce nonlinearity in the dose-response rela-
tionship (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 et 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 survival
among the treatment groups; for example,
reduced survival because of non-tumour-re-
lated mortality can preclude the occurrence of
tumours later in life. When detailed information
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 survival occur
before tumours appear. The lethality of the
tumour also requires consideration: for rapidly
fatal tumours, the time of death provides an indi-
cation 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 difficult 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 experimental 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-
opedtoincorporatehistorical controldataintothe
analysis of data from a given experiment. These
methods assign an appropriate weight to histor-
ical and concurrent controls on the basis of the
extent of between-study and within-study vari-
ability: less weight is given to historical controls
when they show a high degree of variability, and
greater weight when they show little variability. It
is generally not appropriate to discount a tumour
response that is significantly increased compared
with concurrent controls by arguing that it falls
withintherangeofhistoricalcontrols, particularly




Preamble

when historical controls show high between-
study variability and are, thus, of little relevance
to the current experiment. In analysing results
for uncommon tumours, however, the anal-
ysis may be improved by considering historical
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, gender
and strain, as well as other factors such as basal
diet and general laboratory environment, which
may affect tumour-response rates in control
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
provide evidence of carcinogenicity and also
help in assessing the relevance and importance
of findings of cancer in animals and in humans.
The nature of the mechanistic and other rele-
vant data depends on the biological activity of
the agent being considered. The Working Group
considers representative studies to give a concise
description of the relevant data and issues that
they consider to be important; thus, not every
available study is cited. Relevant topics may
include toxicokinetics, mechanisms of carcino-
genesis, susceptible individuals, populations and
life-stages, other relevant data and other adverse
effects. When data on biomarkers are informa-
tive 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,
distribution, metabolism and elimination of
agents in humans, experimental animals and,
where relevant, cellular systems. Examples of
kinetic factors that may affect dose-response
relationships include uptake, deposition, bioper-
sistence 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
summarized briefly, and comparisons of data
from humans and animals are made when
possible. Comparative information on the rela-
tionship between exposure and the dose that
reaches the target site may be important for the
extrapolation of hazards between species and in
claritying 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 operating.
The relevance of the mechanism to humans is
discussed, in particular, when mechanistic data
are derived from experimental model systems.
Changes in the affected organs, tissues or cells
can be divided into three non-exclusive levels as
described below.
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(i)  Changes in physiology

Physiological changes refer to exposure-re-
lated 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-re-
lated alterations in the signalling pathways used
by cells to manage critical processes that are
related to increased risk for cancer. Examples
of functional changes include modified activ-
ities of enzymes involved in the metabolism
of xenobiotics, alterations in the expression
of key genes that regulate DNA repair, altera-
tions in cyclin-dependent kinases that govern
cell cycle progression, changes in the patterns
of post-translational modifications of proteins,
changes in regulatory factors that alter apoptotic
rates, changes in the secretion of factors related
to the stimulation of DNA replication and tran-
scription and changes in gap—junction-mediated
intercellular communication.

(i)  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 irreversible
effects.

The use of mechanistic data in the identifi-
cation 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 mention
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 prokaryotes,
lower eukaryotes, insects, plants and cultured
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 involve-
ment 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 synthesis).
In-vitro tests for tumour promotion, cell transfor-
mation and gap-junction intercellular commu-
nication may be sensitive to changes that are not
necessarily the result of genetic alterations 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
cannot be considered to provide evidence that
rules out the carcinogenicity of agents that act
through other mechanisms (e.g. receptor-medi-
ated 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 geno-
toxicity (e.g. hormonal dysregulation, immune
suppression, and formation of calculi and other
deposits that cause chronic irritation), that
evidence 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 data relevant to
carcinogenicity may include descriptions of the
pathology of infection, integration and expres-
sion of viruses, and genetic alterations seen in
human tumours. Other observations that might
comprise cellular and tissue responses to infec-
tion, 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 materials
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-
throughput data, such as those that result from
testing hundreds of agents for a single end-point,
pose a unique problem for the use of mecha-
nistic data in the evaluation of a carcinogenic
hazard. In the case of high-output data, there is
the possibility to overinterpret changes in indi-
vidual end-points (e.g. changes in expression in
one gene) without considering the consistency of
that finding in the broader context of the other
end-points (e.g. other genes withlinked transcrip-
tional control). High-output data can be used in
assessing mechanisms, but all end-points meas-
ured in a single experiment need to be considered
in the proper context. For high-throughput data,
where the number of observations far exceeds
the number of end-points measured, their utility
for identifying common mechanisms across
multiple agents is enhanced. These data can be
used to identify mechanisms that not only seem
plausible, but also have a consistent pattern of
carcinogenic 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 thataffectindividual susceptibility
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 system,
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 physi-
ology 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
studies of cancer, but fewer details are given.
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5. Summary

This section is a summary of data presented
in the preceding sections. Summaries can be
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,
occurrence and exposure levels in the work-
place and environment and measurements in
human tissues and body fluids. Quantitative
data and time trends are given to compare
exposures in different occupations and environ-
mental settings. Exposure to biological agents is
described in terms of transmission, prevalence
and persistence 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
target 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.
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(d) Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorp-
tion, distribution, metabolism, elimination) and
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
summarized. This section also reports on other
toxic effects, including reproductive and devel-
opmental 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 exper-
imental 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 cate-
gory 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 activity
(potency). A classification may change as new
information becomes available.

An evaluation of the degree of evidence is
limited to the materials tested, as defined phys-
ically, chemically or biologically. When the
agents evaluated 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 following 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
possibility 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, consistency or statistical power to permit
a conclusion 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
consistent 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
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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
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 studies
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,
bioassays that employ genetically modified
animals, and other in-vivo bioassays that focus
on one or more of the critical stages of carcino-
genesis. 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
multistage process of carcinogenesis should be
considered 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
relationship 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
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or more species of animals or (b) two or more
independent studies 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.

A single study in one species and sex might
be considered to provide sufficient evidence of
carcinogenicity 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
studies; (c) the agent increases the incidence
only of benign neoplasms or lesions of uncer-
tain neoplastic potential; or (d) the evidence
of carcinogenicity is restricted to studies that
demonstrate only promoting activity in a narrow
range of tissues 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 carcino-
genic. A conclusion of evidence suggesting lack
of carcinogenicity is inevitably limited to the
species, tumour sites, age at exposure, and condi-
tions and levels of exposure studied.
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(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 overall eval-
uation is highlighted. This may include data on
preneoplastic lesions, tumour pathology, genetic
and related effects, structure-activity relation-
ships, metabolism and toxicokinetics, physico-
chemical parameters and analogous biological
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
question 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
compounds may be kept from human use solely
on the basis of evidence of their toxicity and/or
carcinogenicity in experimental systems.

The conclusion that a mechanism operates
in experimental animals is strengthened by
findings of consistent results in different experi-
mental systems, by the demonstration of biolog-
ical plausibility and by coherence of the overall
database. Strong support can be obtained from
studies that challenge the hypothesized mecha-
nism experimentally, by demonstrating that the
suppression 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 mate-
rials 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
carcinogenicity 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 thereis no
direct evidence of their capacity to induce cancer
in humans or in animals, may also be carcino-
genic, a statement describing the rationale for
this conclusion is added to the evaluation narra-
tive; 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
wording 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.
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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
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
carcinogenic to humans) or Group 2B (possibly
carcinogenic to humans) on the basis of epidemi-
ological and experimental evidence of carcino-
genicity and mechanistic and other relevant data.
The terms probably carcinogenic and possibly
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 clas-
sified in this category when there is inadequate
evidence of carcinogenicity in humans and suffi-
cient evidence of carcinogenicity in experimental
animals and strong evidence that the carcino-
genesis is mediated by a mechanism that also
operates in humans. Exceptionally, an agent may
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be classified in this category solely on the basis of
limited 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.

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
carcinogenicity 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
carcinogenicity 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
limited 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 exper-
imental 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,
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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
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 expla-
nation of the reasoning of the Working Group
in weighing data and making evaluations. When
there are significant differences of scientific
interpretation among Working Group Members,
a brief summary of the alternative interpreta-
tions is provided, together with their scientific
rationale and an indication of the relative degree
of support for each alternative.
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1. EXPOSURE DATA

1.1 Identification of the agents

The focus of this Monograph is the consump-
tion of red meat and processed meat. These terms
are defined below.

1.1.1 Red meat

Red meat refers to fresh unprocessed
mammalian muscle meat (e.g. beef, veal, pork,
lamb, mutton, horse, or goat meat), which
may be minced or frozen, and is usually
consumed cooked.

1.1.2 Offal

Mammalian offal refers to the internal
organs and entrails of a butchered animal (e.g.
scrotum, small intestine, heart, brain, kidney,
liver, thymus, pancreas, testicle, tongue, tripe, or
stomach) consumed as such. Mammalian offal
is considered to be a specific food category in
food consumption surveys (FAO, 2015); however,
mammalian offal is reported together with red
meat in some epidemiological studies.

1.1.3 Processed meat

Processed meat refers to any meat that has
been transformed through one or several of the
following processes: salting, curing, fermenta-
tion, smoking, or other processes to enhance
flavour or improve preservation. Most processed
meats are made from pork or beef, but may also
include other red meats, poultry, offal, or meat

by-products such as blood. It is also important
to distinguish between industrial processing
and household preparations. As there is a huge
variety of processed meat products, it is difficult
to sort them into categories (Santarelli et al.,
2008). However, based on recommendations by
the Food and Agriculture Organization of the
United Nations (FAO) (Heinz & Hautzinger,
2007), different groups of industrial processed
meats can be proposed.

(a)  Cured meat pieces

Examples of cured meat include raw beef, raw
ham, cooked beef, cooked ham, corned beef, and
bacon.

Curing is a process by which the meat is
treated with a small amount of salt (sodium
chloride, NaCl, with or without potassium chlo-
ride, KCl), with or without nitrate or nitrite salts.
Curing enhances shelf-life by preserving and
preventing the spoilage of meat. Cured meat cuts
are made of entire pieces of muscle meat and can
be subdivided into two groups: cured raw meats
and cured cooked meats (Pearson & Gillett,
1996; Heinz & Hautzinger, 2007; Honikel, 2010).
Cured raw meats are consumed uncooked. They
do not undergo any heat treatment during prod-
uction, which involves curing, fermentation,
and ripening in controlled conditions to make
the meats palatable. For cured cooked meats, the
raw muscle meat is always cured and then under-
goes treatment to achieve the desired palatability
(Heinz & Hautzinger, 2007).
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(b)  Fresh industrial processed meat products

Examples of fresh industrial processed meat
products include sausage and kebab.

These products are mixtures composed of
comminuted muscle meat and animal fat in
varying proportions. Products are salted only,
not cured. Non-meat ingredients are added in
smaller quantities forimprovement of flavour and
binding, or in larger quantities for volume exten-
sion (reducing costs). All meat and non-meat
ingredients are mixed when raw. If the fresh
meat mixture is packed into casings, the product
is defined as sausage. Heat treatment is applied
immediately before consumption to make the
products palatable (Heinz & Hautzinger, 2007).
[The Working Group noted that a hamburger
is considered as belonging to this category of
processed meat when fat, salt, or other addi-
tives are added to the hamburger meat, but is
considered as red meat when it contains minced
beef only.]

(c)  Precooked ready-to-eat products

Examples of precooked ready-to-eat products
include frankfurter, mortadella, liver sausage,
blood sausage, canned corned beef, and liver
paté.

These products are prepared from muscle
meat, fat, and other edible meat by-products
(blood and liver) or non-meat ingredients. These
products are processed raw through commi-
nuting and mixing. Sometimes the raw meat
material can be precooked before it is ground
or chopped, and other ingredients are added.
The resulting mixture is portioned and then
submitted to heat treatment to induce protein
coagulation. This leads to the typical firm, elastic
texture of precooked ready-to-eat products, as
well as a desired palatability and a certain degree
of bacterial stability (Heinz & Hautzinger, 2007).
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(d) Fermented sausages

Examples of fermented sausages include
salami, chorizo, pepperoni, and traditional Asian
products such as nem.

Fermented sausages are uncooked meat prod-
ucts, and consist of coarse mixtures of lean meats
and fatty tissues combined with salt, nitrite
(curing agent), sugar, spices, and other non-meat
ingredients packed into casings. Their charac-
teristic properties (flavour, firm texture, and red
curing colour) originate from the fermentation
process. Short or long ripening phases, combined
with moisture reduction, are necessary to develop
thetypical flavourand texture of the final product.
The fermented sausages are not subjected to any
heat treatment during processing and, in most
cases, are distributed and consumed raw (Heinz
& Hautzinger, 2007).

(e)  Dried meat

Examples of dried meat include dried meat
strips or flat pieces.

Drying, or drying in combination with
smoking, is practised all over the world and
is probably the most ancient method of meat
preservation.

Dried meat products result from dehydration
or drying of lean meat in natural or artificial
conditions (Zukal & Incze, 2010). Pieces of lean
meat without adherent fat are cut to a specific
uniform shape that permits the gradual and equal
drying of whole batches of meat. Salt, nitrite,
and sugar may be added to the meat before the
drying process. Many of the nutritional prop-
erties of meat, particularly the protein content,
remain unchanged through drying. Common
dried meat products are beef jerky from the USA,
biltong from South Africa, and tasajo from South
America (Heinz & Hautzinger, 2007).

Meat may be smoked raw or after salting,
marinating, cooking, or other treatments. There
are many types of smoking, leading to prod-
ucts with very different sensory properties and
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shelf-lives. Warm or cold smoking can be used.
Warm smoking is carried out at temperatures of
23-45°C. Cold smoking is carried out at temper-
atures of 12-25 °C and is used in the manufac-
turing of raw fermented sausages made from
cured meats.

Drying and smoking are used to improve the
shelf-life and organoleptic properties of meat
products. In developing countries such as Africa,
where extending shelf-life is the priority, drying
is the most used process. In parallel with simple
drying, west Africa has refined the hot smoking
process to further improve shelf-life through the
preservative and antibacterial effects of smoke
substances. To lower the cost of meat products,
African countries have also developed tradi-
tional products consisting of mixtures of meat
and vegetables. Central and southern American
countries have adapted European meat
processing techniques for local meat products,
especially for barbecuing (e.g. chorizo criollo or
morcilla) (Heinz & Hautzinger, 2007).

1.2 Meat composition
1.2.1 Red meat

(@)  Main components

The animal carcass consists of muscle,
connective tissue, fat and bone, and about 75%
water, depending on the species, breed, size,
and age. For a given species, the muscle is rela-
tively constant in composition (Table 1.1). Red
meat contains high biological value proteins
and essential micronutrients, including vita-
mins and minerals (Table 1.2; Williams, 2007).
The composition of the meat varies based on the
animal species, sex, age, and diet, as well as the
climate and activity during its growth (Lorenzo
et al., 2010). Total nitrogen, fat, and iron levels
increase as the animal approaches maturity. In
addition, the ratio of polyunsaturated fatty acids
(PUFAs) to saturated fatty acids (SFAs) decreases
with the maturity of the animal. The nutritional

value of meat is also significantly affected by
the livestock production system (Lorenzo et al.
2010, 2014).

(i) Protein

Red meat contains 20-25 g of protein
per 100 g. The proteins are highly digestible
(94%) and provide all essential amino acids
(lysine, threonine, methionine, phenylalanine,
tryptophan, leucine, isoleucine, and valine)
(Williams, 2007).

(i) Fat

Red meat is also a source of fatty acids. Fat
in red meat is subcutaneous, intramuscular,
or intermuscular, and the composition will
vary according to the animal’s age, sex, breed,
and diet, as well as the cut of meat (Wood &
Enser, 1997). For example, the amount of fat in
raw cattle longissimus muscle can range from
0.59% to 16%, depending on the breed (Barnes
et al., 2012). Fat in meat includes SFAs, mono-
unsaturated fatty acids (MUFAs), and PUFAs.
The typical fatty acid composition of fat in beef
is reported to be 46.5, 48.9, and 4.59 g per 100
g of total fatty acids for SFAs, MUFAs, and
PUFAs, respectively. While these proportions
are similar in all red meats, exact amounts
depend on the type of meat (Givens, 2005). The
main SFAs present in red meat are palmitic
acid and stearic acid, and the main MUFA is
oleic acid. Red meat also contains n-3 PUFAs,
such as a-linolenic acid, and n-6 PUFAs, such
as linoleic acid. The animal’s diet strongly
influences PUFA levels in meat. For example,
meat from foals raised by extensive production
systems on wood pastures has higher levels of
n-3 PUFAs than meat from foals fed concen-
trate (Lorenzo et al., 2010, 2014). The last cate-
gory of fat found in the red meat of ruminants
is conjugated linoleic acids, the levels of which
also depend on feeding practices (Wood et al.
1999; Givens, 2005).
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Table 1.1 Chemical composition of typical mammalian muscle (red meat) for consumption

Main component Constituents Wet weight (%)

Water 75.00

Protein 19.00

Myofibrillar: 11.50
Myosin 5.50
Actin 2.50
Connectin 0.90
Nebulin (N2 line protein) 0.30
Tropomyosins 0.60
Troponins, C, [ and T 0.60
a,B,y Actinins 0.50
Myomesin (M-line protein) and C proteins 0.20
Desmin, filamin, F- and I-proteins, etc. 0.40

Sarcoplasmic: 5.50
Glyceraldehyde phosphate dehydrogenase 1.20
Aldolase 0.60
Creatine kinase 0.50
Other glycolytic enzymes 2.20
Myoglobin 0.20
Haemoglobin and other unspecified extracellular proteins 0.60

Connective tissue and organelles: 2.00
Collagen 1.00
Elastin 0.05
Mitochondrial etc. (including cytochrome ¢ and insoluble enzymes) 0.95

Lipid 2.50

Neutral lipid; phospholipids; fatty acids; fat-soluble substances 2.50

Carbohydrate 1.20
Lactic acid 0.90
Glucose-6-phosphate 0.15
Glycogen 0.10
Glucose, traces of other glycolytic intermediates 0.05

Miscellaneous, soluble non-protein substances 2.30

Nitrogenous: 1.65
Creatinine 0.55
Inosine monophosphate 0.30
Di- and tri-phosphopyridine nucleotides 0.10
Amino acids 0.35
Carnosine, anserine 0.35

Inorganic: 0.65
Total soluble phosphorus 0.20
Potassium 0.35
Sodium 0.05
Magnesium 0.02
Calcium, zinc, trace metals 0.03

Vitamins

Various fat- and water soluble vitamins Minute

This table was published in Lawrie’s Meat Science 6th edition, Lawrie (1998), Page No 59, Copyright Elsevier (1998)

36



Red meat and processed meat

Table 1.2 Average nutrient composition (per 100 g) of the lean component of red meat

Nutrient Beef Veal Lamb Mutton
Moisture (g) 73.1 74.8 72.9 73.2
Protein (g) 23.2 24.8 21.9 21.5
Fat (g) 2.8 1.5 4.7 4.0
Energy (kj) 498 477 546 514
Cholesterol (mg) 50 51 66 66
Thiamin (mg) 0.04 0.06 0.12 0.16
Riboflavin (mg) 0.18 0.20 0.23 0.25
Niacin (mg) 5.0 16.0 5.2 8.0
Vitamin B6 (mg) 0.52 0.8 0.10 0.8
Vitamin B12 (pg) 2.5 1.6 0.96 2.8
Pantothenic acid (mg) 0.35 1.50 0.74 1.33
Vitamin A (ug) <5 <5 8.6 7.8
Beta-carotene (pg) 10 <5 <5 <5
Alpha-tocopherol (mg) 0.63 0.50 0.44 0.20
Sodium (mg) 51 51 69 71
Potassium (mg) 363 362 344 365
Calcium (mg) 4.5 6.5 7.2 6.6
Iron (mg) 1.8 1.1 2.0 33
Zinc (mg) 4.6 4.2 4.5 3.9
Magnesium (mg) 25 26 28 28
Phosphorus (mg) 215 260 194 290
Copper (mg) 0.12 0.08 0.12 0.22
Selenium (ug) 17 <10 14 <10
Adapted from Williams (2007). Nutrition ¢ Dietetics, John Wiley & Sons
(iii)  Vitamins (iv)  Minerals

The only natural source of vitamin B12 is in
food derived from animal products. Red meat
is a rich source of B vitamins such as B6, B12,
niacin, and thiamine (Gille & Schmid, 2015). For
example, 100 g of lean beef meat will provide
2.5 pug of vitamin B12, corresponding to 79% of
the recommended dietary intake for this nutrient.
The older the animal, the richer its meat will be
in B vitamins (Williams, 2007). Pork contains
a high level of thiamine compared with other
meats (Bender, 1992). While the concentration of
vitamin E in red meat is low, it is higher in fattier
cuts of meat. Vitamin A and folate are found at
higher levels in liver than in lean muscle meat
(Bender, 1992).

Red meat is one of the richest sources of
minerals such as iron or zinc, and has a higher
mineral bioavailability than plant products
(Williams, 2007). For example, 100 g of lean
beef meat will provide approximatively 1.8 mg
of iron and 4.6 mg of zinc, corresponding to
approximately 14% and 42%, respectively, of the
recommended dietary intake for these nutri-
ents (Williams, 2007). Red meat is also a good
source of selenium. For example, 100 g of lean
beef meat will provide about 17 pg of selenium,
corresponding to approximately 26% of the
recommended dietary intake for this nutrient
(Williams, 2007).
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(v)  Creatine

Creatine levels in skeletal muscle average
350 mg per 100 g of red meat (Purchas &
Busboom, 2005; Williams, 2007). Cooking of the
muscle meat transforms creatine into creatinine
through non-enzymatic conversion. Creatine
and creatinine in meat are critical precursors in
the formation of heterocyclic aromatic amines
(HAAs) (Skog et al., 1998, 2000).

(b)  Effect of slaughtering and storage post
mortem

Preslaughter handling of the animal can have
an impact on the composition and quality of the
meat. For example, stressed or fatigued animals
have depleted glycogen. Before slaughtering,
animals are usually stunned and then exsanguin-
ated. Blood is drained from the carcass, leading
to a loss of oxygen and a depletion of adenosine
triphosphate, as well as the combination of the
proteins actin and myosin to form actinomyosin
to cause muscle contraction. After slaughtering,
glycogen is converted to lactic acid, and pH
levels fall to approximately 5.5 over a period of
24-36 hours and can have an impact on microbial
content (Lawrie, 1998; Lawrie & Ledward, 2006).

A major safety concern in meat production
and storage is bacterial contamination. Although
muscle is usually sterile, bacterial contamination
from gastrointestinal contents and butchering
instruments is common. Bacterial contamination
is minimized by low temperatures, low tempera-
tures and packaging in a controlled atmosphere.
Minced and comminuted meats with larger
surface areas may be more likely to become
contaminated than large cuts of meat (Lawrie,
1998; Lawrie & Ledward, 2006). Physical and
chemical methods, such as spray washing with
hot water, can be used for microbial decontami-
nation. Water may be chlorinated and combined
with weak organic acids, phosphates, hydrogen
peroxide, or ozone to improve antimicrobial
activities. Improving hygiene levels by means of
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antibiotics (chlorotetracycline and oxytetracy-
cline) is increasingly discouraged and regulated.
Irradiation is permitted in the USA, but it can
induce free radical formation (Isam et al., 2007).
Freezing of red meat results in little to no loss of
nutrients, apart from vitamin E, which is oxidized.
Proteinsremain unchanged during frozen storage,
but fats are susceptible to changes from oxidation.
Pork meat, which is richer in unsaturated fatty
acids than other red meats, is the most suscep-
tible to these changes. Once meat is defrosted, the
juices containing soluble proteins, vitamins, and
minerals are lost (Rahman, 2007).

(c) Chemical contaminants and residues

Residues of drugs (e.g. antibiotics and
hormones), pesticides, and agricultural chemi-
cals can be found in meat and meat products (e.g.
as a result of exposure of the animals to chemi-
cals used on buildings, grazing areas, and crops)
(Fig. 1.1; Engel et al., 2015). Additionally, several
hundred substances may be used to treat animals,
to preserve animal health, and to improve animal
production, including antimicrobial agents, anti-
coccidial agents, anthelmintics, steroids, anti-in-
flammatory agents, tranquillizers, vasodilators,
analgesics, and anaesthetics (FDA, 2005).

(i)  Veterinary drugs

Veterinary drugs given to animals are strictly
regulated in most developed countries (FDA
2005), and maximum residue limits (MLRs) have
been established for some of these drugs by the
Codex Alimentarius.

Antibiotics: In the European Union (EU), the
only antibiotics allowed as feed additives are
coccidiostats and histomonostats (European
Commission, 2003), as other antibiotics, espe-
cially if they are also used for humans, could
induce antimicrobial resistance in consumers
(Chattopadhyay, 2014). Cooking procedures
degrade the residues of several antibacterial
drugs, depending on the amount of heat
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treatment involved, principally cooking time
and temperature (Heshmati, 2015).

Hormones: In several countries, such as
the USA, the use of hormones, including
testosterone propionate, estradiol, estradiol
benzoate, and progesterone, and compounds
that display a high affinity for human hormone
receptors are approved for food animal
production. This raises concerns because
these hormones, or their biologically active
metabolites, may accumulate in edible tissues,
potentially exposing consumers (Nachman &
Smith, 2015). Cooking reduces, but does not
eliminate, the potential for dietary exposure
to hormones, such as estradiol, in ground beef
(Braekevelt et al., 2011). Table 1.3 lists the
amounts of steroid hormones ingested via the
diet from hormone-treated or non-hormone-
treated animals, and the amounts of these
hormones produced daily in the human body.
[The Working Group noted that the ingestion
of estradiol, progesterone, and testosterone
from meat appears to be minor relative to
what is biosynthesized in humans (Table 1.3).]

Environmental and phytosanitary contami-
nants can also occur in meat products.

(i) Pesticide residues

Pesticide residues used for phytosanitary
treatments may be present in meat products.
Animals consume plants treated with pesti-
cides or contaminated by persistent pesti-
cides in the environment. However, vegetable
consumption remains by far the main dietary
source of human exposure to pesticides
(Kan & Meijer, 2007).

(iii)  Dioxins and dioxin-like products
Dioxins and dioxin-like products are divided
into three groups: polychlorinated dibenzodi-

oxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and polychlorinated biphenyls (PCBs)

(see Fig. 1.1).

These contaminants, which are mainly
produced by industrial processes, are ubiquitous
in foods of animal origin, and accumulate in the
fatty tissues of animals and humans (Larsen,
2006; IARC, 2012a, 2016). Food, including meat,
remains the primary source of human exposure
to these contaminants in the general population
(IARC, 2012a, 2016).

(iv)  Brominated flame retardants

Brominated flame retardants (BFRs) are
widely used in plastic materials, textiles, electric
and electronic equipment, and of construction
materials for livestock buildings. There are five
classes of BFRs: polybrominated diphenyl ethers
(PBDEs), hexabromocyclododecanes (HBCDs),
tetrabromobisphenol A, and other phenols, poly-
brominated biphenyls (PBBs) (IARC, 2016), and
unclassified BFRs (ANSES, 2011, 2012; IARC,
2016). The persistence of BFRs in the environment
is a public health concern (AFSSA, 2005; ANSES,
2011; EPA, 2010). The main source of human
exposure to BFRs is the consumption of fish and
meat products (Lyche et al., 2015). Studies have
shown that the cooking process and, to a greater
extent, the type of meat item influence levels of
PDBEs.

(v)  Polycyclic aromatic hydrocarbons

Polycyclic aromatic hydrocarbons (PAHs) can
be generated in the environment or during the
processing of foods; this is discussed further in
Section 1.2.3(a)(iii). PAHs are closely monitored
by health agencies in developed countries (IARC
2010a; Schroeder, 2010). Furthermore, PAH levels
can increase depending on cooking conditions.

(vi)  Heavy metals

Contamination by heavy metals such as
cadmium, lead, arsenic, or mercury largely
occurs from industrial wastes (IARC, 2012b).
Meat consumption is a significant source
of human exposure to lead and cadmium
(Kan & Meijer, 2007).
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Table 1.3 Comparison of the amounts of steroid hormones produced daily in the human body
and ingested via the diet from hormone-treated animals

Hormone Total daily production (ug/day) Residue in muscle (ug/kg) (Paris et al., 2006)  Ingested amount via
(JECFA, 2000; EFSA, 2007) intake of muscle from
Non-treated animals Treated animals treated animals® (ug/day)
Estradiol < 14 (prepubertal boys) 0.003-0.035 0.011-0.28 0.0033-0.084
10-24 (prepubertal girls)
27-68 (adult men)
30-470 (adult women)
Progesterone 150-250 (prepubertal children)  0.0-0.9 0.23-0.77 0.069-0.231
416-750 (adult men,
premenopausal women)
Testosterone  30-100 (prepubertal children) 0.006-0.029 0.031-0.36 0.0093-0.108

210-480 (adult female)
2100-6900 (adult male)

» Calculated according to an intake of 300 g/day of muscle

Reprinted from Jeong et al. (2010) © 2010 The Korean Society of Toxicology. License: CC BY-NC 3.0

(vii)  Mycotoxins

Mycotoxins, metabolites produced by
mould, are toxic and may be carcinogenic to
animals and humans. Livestock contamination
by mycotoxins occurs via their diet, and human
exposure results from consumption of contam-
inated livestock. However, cereals and oil seeds
are the main sources of human exposure to
mycotoxins (FDA, 2008; Marroquin-Cardona
et al, 2014). Mycotoxin residues accumulate
in the blood, liver, and kidney, and, to a lesser
degree, in muscle-derived meat products (Kan
& Meijer, 2007). Mycotoxins, such as afla-
toxin, are not destroyed by normal industrial
processing or cooking since they are heat-stable
(Awadt et al., 2012).

1.2.2 Processed meat

(a) Ingredients

There are three major reasons for processing
meat: reduction in microbial contamination,
production of attractive products, and reduc-
tion of waste by reconstitution of muscle meat
scraps or offal. Therefore, along with the main
components, which are meat and animal
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fat, a wide range of non-meat substances are
used in processed meat products (Bender
1992; Heinz & Hautzinger, 2007; Toldra, 2010;
Weiss et al., 2010).

(i) Non-meat ingredients of animal origin

Although not commonly applied, non-meat
ingredients of animal origin may be used to
improve water binding and prevent fat separa-
tion during heat treatment. Some of these ingre-
dients can also be considered as meat extenders.
The most commonly used non-meat ingredients
of animal origin are milk caseinate; whole milk
or non-fat, dried milk; gelatine; blood plasma;
eggs; and transglutaminase (Sun & Holley, 2011).

(i) Ingredients of plant origin

Spices are predominantly functional ingredi-
ents, and are used in small quantities to provide
or add flavour and taste to meat products. The
most commonly used ingredients of plant origin
areisolated soy protein (< 90% protein) and wheat
gluten (< 80% protein). The most common ingre-
dients used as fillers (if rich in carbohydrate) or
meat extenders (if rich in protein) are soy flour
or concentrate, cereal flour or cereals, starches,
breadcrumbs, vegetables, and fruits (Asgar et al.,
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Fig. 1.1 Examples of environmental micropollutants potentially found in red and processed

meats
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Adapted from Meat Science, Volume 109, E. Engel, J. Ratel, J. Bouhlel, C. Planche, M. Meurillon, Novel approaches to improving the chemical
safety of the meat chain towards toxicants, Pages No. 75-85, Copyright (2015), with permission from Elsevier (Engel, 2015)

2010). Several plant derivatives can also be used
as fat replacers, antioxidants, or antimicrobials
(Hygreeva et al., 2014).

(iii)

Chemical substances used as additives

There are a limited number of chemical
substances allowed for meat processing, as the
substances need to be safe for consumers and
improve the quality of the final product. The most
commonly used substances are salt (NaCl or NaCl
plus KCl) for taste, impact on meat proteins, and
shelf-life; nitrate and nitrite for curing, colour,
flavour, and shelf-life; ascorbic acid for acceler-
ated curing; phosphates for protein structuring
and water binding; chemical preservatives for
shelf-life; antioxidants for flavour and shelf-life;
monosodium glutamate for enhancement of

flavour; and food colourings. Chemical additives
have exclusively functional properties. They are
used in small amounts, usually below 1%, with
nitrate as low as 0.05% and with only salt in the
range of 2% (< 4% in some fermented dried prod-
ucts) (Heinz & Hautzinger, 2007).

(b)  Processing methods

Standard technical processing methods for
meat products, such as cutting, comminuting,
mixing, tumbling, or stuffing, are an important
part of the manufacturing process (Heinz &
Hautzinger, 2007). However, as these processes
do not influence the formation of potentially
carcinogenic process-induced toxicants, they
will not be further detailed in this section.
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Microbial inactivation can be achieved by
“sous vide”, a method whereby foods are vacu-
um-packaged and then slow-cooked (tempera-
ture, 55-60 °C), as well as by cooking, canning
(temperature, up to 121 °C), irradiation (chilled
temperature, 0-4 °C), and high-pressure
processing (300-600 MPa). Microbial inactiva-
tion can also be achieved by the addition of arti-
ficial preservatives such as nitrate or nitrite, weak
organic acids, and/or salt or sugar. Canning is
probably the most efficient meat preservation
method, as it ensures the destruction of path-
ogens and food spoilage microorganisms, and
allows foods to be easily handled and trans-
ported (Guerrero Legarreta, 2010).

The most common approaches to retard lipid
oxidation, a major limiting factor in the shelf-
life of dehydrated muscle tissue, is the addition
of antioxidants and the use of appropriate pack-
aging techniques (Rahman, 2007).

Chemical processing methods essentially
include curing, smoking, and fermentation.

(i) Curing

Meat curing, in the narrow sense, is the
addition of salt (NaCl or NaCl plus KCI), with
or without nitrate or nitrite, during the manu-
facturing of meat products. Nitrate and nitrite
are not used as sole curing agents. Each is always
applied with salt. In meat products, the concentra-
tions of nitrate and nitrite are usually in the range
of 100-200 mg/kg, while salt is 2000 mg/kg or
more. Salt lowers the water activity and enhances
food safety. Salt also changes the protein struc-
tures in meat. Nitrate and nitrite support the
safety action of salt, and improve the appearance
and flavour. Nitrate must undergo reduction to
nitrite to be effective. During the curing process,
myoglobin is converted to nitrosomyoglobin,
resulting in the characteristic cured meat colour
(EESA, 2003; Honikel, 2008, 2010). Over the past
few decades, ascorbic acid or its salt, ascorbate
(e.g.isoascorbate or erythorbate), hasbeen used in
cured meat batters. Ascorbate reacts with oxygen
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to form dehydroascorbate, and thus prevents the
oxidation of nitrite to nitrate. Ascorbate is also
added to reduce the formation of nitrosamines.
Ascorbate, together with nitrite and salt, has an
effective antimicrobial effect, particularly against
Clostridium botulinum (Honikel, 2010; Sindelar
& Milkowski, 2012). Citric acid or sodium citrate
may replace up to half of either form of the ascor-
bate/erythorbate reductants, but may not be used
without the reductants (Sindelar et al., 2010).
Nitrite addition is strictly regulated by inter-
national standards, and the amount allowed in
cured meat is decreasing (see Section 1.5).

(i) Smoking

Smoking refers to the exposure of meat
to the smoke of burning wood (Sikorski &
Kalakowski, 2010). Many cured products are
also smoked, or contain soluble components of
wood smoke, mainly to add flavour and increase
shelf-life. Smoking gives meat a brown colour.
It changes its flavour and improves its pres-
ervation, as smoke contains a wide variety of
polyphenolic compounds as well as aldehydes
and carboxylic acids, which have antimicrobial
properties. Smoking can be done at different
temperatures, depending on the end product
(Sikorski & Kalakowski, 2010). However, wood
pyrolysis may be hazardous, as the process is
difficult to control and can lead to the gener-
ation of PAHs. Modifications to traditional
wood pyrolysis processes are being studied to
reduce the production and deposition of PAHs
in processed meat (Roseiro et al., 2011; Ledesma
etal., 2014). An alternative is to use liquid smoke
flavouring solutions produced from different
wood products, under specific pyrolysis condi-
tions and as per extraction protocols aimed at
strongly reducing the concentration of PAHs
(Sikorski & Kalakowski, 2010).
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(iii)  Fermentation

Fermentation refers to a low-energy, biolog-
ical acidulation (by cultured or wild microor-
ganisms) and preservation method that results
in a distinctive flavour and palatability, colour,
and tenderness, as well as in enhanced micro-
biological safety. Since this process involves
microorganisms, it is influenced by many envi-
ronmental factors, including raw meat quality,
sanitation, time, temperature, and humidity, all
of which need to be strictly controlled during
production. The reduction of pH and the lowering
of water activity are microbial hurdles that aid
in producing a safe product. Both natural and
controlled fermentation processes involve lactic
acid bacteria. Fermented sausages often have a
long storage life, due to added salt, nitrate, and/or
nitrite, and a low pH, due to lactic acid produc-
tion by bacteria in the early stages of storage and
later stages of drying (Ockermann & Basu, 2010).

1.2.3 Changes in meat composition due to
cooking methods

Cooking can have a positive and negative
impact on food quality. Cooking is important
to inactivate pathogenic microorganisms, and
improve palatability and digestibility (Santé-
Lhoutellier et al., 2008; Bax et al., 2012, 2013).

Generally, cooking reduces, but does not
eliminate, meat contaminants such as hormones,
antibiotics, chemicals (e.g. PCBs, PCDFs, and
PCDDs), or metals (e.g. arsenic, cadmium,
mercury, and lead) (Hori et al., 2005; Perello
et al., 2008; Perell et al., 2010; Braekevelt et al.,
2011; Zeitoun & Ahmed, 2011; Heshmati, 2015).
Furthermore, cooking can lead to the production
of potential carcinogens.

The different cooking methods used to
prepare red and processed meat may have
varying influences on the production of potential
carcinogens (Table 1.4). Cooking methods differ
based on cooking temperature, direct or indirect
contact with the heating source (flame), and use

of fat. The method has an impact on the forma-
tion of carcinogenic compounds such as HAAs
or PAHs (Skog et al., 1998; Giri et al., 2015). At
low temperatures (around 100 °C), steaming,
boiling, or stewing generate much lower levels of
these carcinogenic compounds. For baking and
roasting, temperatures are higher (up to 200 °C),
but as there is limited direct contact with a hot
surface, the formation of these carcinogenic
compounds is also low (Rohrmann et al., 2002).
Barbecuing, grilling, and pan-frying expose
meat products to high temperatures, and to
a hot surface or to direct flame, and thus can
produce an appreciable level of these carcino-
genic compounds (American Institute for Cancer
Research/World Cancer Research Fund, 1997
Sinha et al., 1998a, b).

(a)  Red meat

This part of the section focuses on the toxi-
cants found in red meat that are mostly produced
by certain heating and cooking conditions.

(i) N-Nitroso compounds

N-Nitroso compounds (NOCs) are mainly
formed endogenously in human organisms. No
data report their formation in red meat during
heat treatment; they are mainly considered
processed meat toxicants (see Section 1.2.3(b)(i)).

(i) Heterocyclic aromatic amines

HAAs are a family of heat-induced food toxi-
cants that were discovered about 30 years ago by
Professor Sugimura. Currently, about 25 HAAs
have been identified in cooked meat, fish, and
poultry products (Sugimura et al., 2004), as well
as in cigarette smoke and diesel exhaust (Manabe
etal.,1991).HA Ascanbedivided into two distinct
families: aminoimidazoazaarenes and carbo-
lines or pyrolytic HAAs (Fig. 1.2 and Table 1.5).
Aminoimidazoazaarenes are formed by Maillard
reaction (a chemical reaction between amino
acids, creatine/creatinine, and sugars), whereas
carbolines and pyrolytic HAAs are formed at
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Table 1.4 Definition of cooking methods=

Cooking method® Definition

Baked Cooked by dry heat in an oven, covered or uncovered, no additional fat used for cooking

Barbecued Cooked on grill bars over burning charcoal, wood or gas

Battered and baked Covered by batter (flour, milk, and egg mixture) and baked

Battered and fried Covered by batter (flour, milk, and egg mixture) and fried

Boiled Cooked in boiling liquid

Breaded and baked Covered by an outer layer of breadcrumbs and baked

Breaded and fried Covered by an outer layer of breadcrumbs and fried

Breaded and griddled  Covered by an outer layer of breadcrumbs and griddled

Coated and fried Covered by an outer layer and fried: includes battered and fried, breaded and fried, in flour and fried

Deep fried Cooked in hot fat or oil by immersing the food entirely

Fried Generic descriptor for cooked in heated fat, usually over a direct source of heat

Griddled Cooked on a heated flat metal surface over a source of direct heat; a little fat or oil may be used to
grease the metal surface

Grilled Cooked rapidly without moisture, on grill bars under or over intense direct heat, no fat used

In flour and fried

Covered by an outer layer of flour and fried

Microwaved Cooked or reheated in a microwave oven; no fat used

Poached Cooked by dropping in boiling liquid

Reheated Made hot; no liquid nor fat is added

Roasted Cooked by dry heat in an oven or over a fire

Shallow fried Cooked in a shallow layer of heated fat

Steamed Cooked by steam, in pressure cooker or cooked suspended above boiling water
Stewed

Stir fried/sautéed
Toasted

Cooked by boiling or simmering in liquid contained in an enclosed vessel; the food is cooked over a
low heat for a long period of time

Cooked by frying food over high heat, by stirring constantly to avoid sticking

Cooked with direct heat until the surface of the food is browned

» Definitions based on the EPIC Study, Rohrmann et al. (2002

b Cooking method is defined as the preparation of meat items just before consumption

Adapted by permission from Macmillan Publishers Ltd: Rohrmann et al. (2002). Cooking of meat and fish in Europe--results from the
European Prospective Investigation into Cancer and Nutrition (EPIC).European Journal of Clinical Nutrition, Volume 56, issue 12, pages

1216-1230, copyright (2002)

elevated temperatures (Murkovic, 2004). The
main source of human exposure to HAAs is via
cooked proteinaceous foods; however, the levels
of HAAs are highly dependent on the type of
meat, cooking time, and cooking temperature,
and generally increase with the level of “done-
ness” (Skog et al., 2000).

The cooking method also influences HAA
formation; it has been shown that high-temper-
ature methods (pan-frying, grilling, and barbe-
cuing) cause the highest HAA concentrations,
especially for 2-amino-1-methyl-6-phenylimida-
zo[4,5-b]pyridine (PhIP) (Alaejos & Afonso, 2011).
The concentrations of HA As in different cooked
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meats are given in Table 1.6. The concentrations
of HAAs are highly variable. For a comprehen-
sive review, see Alaejos & Afonso (2011). A series
of linear tricyclic ring HAAs containing the
2-amino-1-methylimidazo[4,5-g]quinoxaline
(IgQx) skeleton are formed in cooked meats at
concentrations that are relatively high compared
with the concentrations of their angular tricyclic
ring isomers or related HAAs (Ni et al., 2008),
such as 2-amino-3,8-dimethylimidazo(4,5-f]
quinoxaline (MeIQx) and PhIP, which are known
experimental animal carcinogens and potential
human carcinogens (IARC, 1993). The toxicolog-
ical properties of these recently discovered IgQx
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Fig. 1.2 Structures of heterocyclic aromatic amines found in cooked red and/or processed meats
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The full chemical names of these compounds are given in Table 1.5
HAA, heterocyclic aromatic amines

Reprinted from Cancer Science, Volume 95, Takashi Sugimura, Keiji Wakabayashi, Hitoshi Nakagama, Minako Nagao, Heterocyclic amines:
Mutagens/carcinogens produced during cooking of meat and fish, Pages No. 290-299, Copyright (2004), with permission from John Wiley &

Sons (Sugimura et al, 2004)

derivatives warrant further investigation and
assessment.

Some methods to decrease the levels of
HAAs in cooked meats have been described. For
example, microwave pretreatment followed by
disposal of the resulting liquid before frying of
hamburger patties reduces the formation of some
aminoimidazoazaarenes (Felton et al., 1992).
Various studies have also emphasized the role of
added antioxidants with phenolic or polyphenolic

moiety in the limitation of HA A formation - via
their scavenging capacity for reactive radicals
involved in the HAA mechanism of formation
(Balogh et al., 2000; Vitaglione & Fogliano, 2004;
Gibis & Weiss, 2010, 2012). Other compounds,
such as organosulfur compounds, contained
in garlic or onion, have also been shown to
have an inhibitory effect on HAA formation
(Shin et al., 2002).
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Table 1.5 Chemical names of heterocyclic aromatic amines potentially found in cooked red and

processed meats

Common abbreviation Full name

IQ 2-amino-3-methylimidazo[4,5-f]quinoline

MelQ 2-amino-3,4-dimethylimidazo[4,5-f]quinoline

IQx 2-amino-3-methylimidazo[4,5-f]quinoxaline

MelQx 2-amino-3,8-dimethylimidazo(4,5-f]quinoxaline

4,8-DiMelQx 2-amino-3,4,8-trimethylimidazo[4,5-f]quinoxaline
7,8-DiMelQx 2-amino-3,7,8-trimethylimidazo[4,5-f]quinoxaline
4-CH,OH-8-MelQx 2-amino-4-hydroxymethyl-3,8-dimethylimidazo[4,5-f]quinoxaline
PhIP 2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine
4'-hydroxy-PhIP 2-amino-6-(4-hydroxyphenyl)-1-methylimidazo[4,5-b] pyridine
Trp-P-1 3-amino-1,4-dimethyl-5H-pyrido[4,3-b]indole

Trp-P-2 3-amino-1-methyl-5H-pyrido[4,3-b]indole

AaC 2-amino-9H-pyrido[2,3-b]indole

MeAaC 2-amino-3-methyl-9H-pyrido([2,3-b]indole

Glu-P-1 2-amino-6-methyldipyrido(1,2-a:3"2"-d]imidazole

Glu-P-2 2-aminodipyridol[1,2-a:3'2"-d]imidazole

Harman 1-methyl-9H-pyrido[3,4-b]indole

Norharman 9H-pyrido[3,4-blindole

IgQx 2-amino-1-methylimidazo[4,5-g]quinoxaline

Note: the chemical structure of some of these HA As is given in Fig. 1.2

Adapted with permission from Sugimura et al. (2004) and Alaejos & Afonso (2011)

(iii)  Polycyclic aromatic hydrocarbons
The main source of non-occupational human
exposure, for non-smoking individuals, is food
consumption (Kazerouni et al., 2001). PAHs
can be formed by pyrolysis of organic materials,
direct contact of fat with a flame, or incomplete
combustion of charcoal, so they are present in
grilled meats (Chen & Lin, 1997; Alomirah
et al., 2011). More than 30 PAHs have been iden-
tified; among them is benzo[a]pyrene (BaP),
which is classified as a Group 1 human carcin-
ogen (IARC, 2012a). The main PAHs found in
processed meats are presented in Fig. 1.3 and
Table 1.7. Representative concentrations of PAHs
in different processed meat samples are given in
Table 1.8.

By avoiding the direct contact of meat with
a flame, PAH levels can be lowered. The amount
of fat can also influence PAH levels. The more
fat that is contained in meat, the more PAHs are
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produced. This may be related to the pyrolysis
of fat, which drips onto the heat source (Mottier
et al., 2000).

Heat treatment of red and processed meat can
also produce other toxicants, such as acrylamide
(Tareke et al., 2002) and N-methylacrylamide
(Yaylayan et al., 2004).

(iv)

Iron

Iron is a trace element essential for human
health that can be found in foods of animal and
plant origin. In food, iron can be found in two
forms: haem iron and non-haem iron. Haem iron,
which is more bioavailable than non-haem iron,
is only found in animal products (Schonfeldt &
Hall, 2011). Haem iron is contained in myoglobin
and haemoglobin, whereas non-haem iron is
associated with small molecules such as phos-
phate, ascorbate, or free amino acids to form
salts. The amount of iron in meat, and the ratio
between haem and non-haem iron, depends on
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Fig. 1.3 Structures of polycyclic aromatic hydrocarbons found in red and/or processed meats

Benzo[a]pyrene Chrysene

Benz[a]anthracene Benzo[b]fluoranthene

the species and the type of muscle (Lombardi-
Boccia et al., 2002; Table 1.9). Red meat contains
more total iron and haem iron than white meat.
Beef, lamb, and horse meat are richer in haem
iron and total iron than pork meat. The age of the
animal is also important in iron intake, as older
animals contain more iron. During cooking,
part of haem iron is converted to non-haem
iron, depending on the cooking parameters,
such as time and temperature (Lombardi-
Boccia et al., 2002; Purchas & Busboom, 2005;
Purchas et al., 2006).

(v)  Advanced glycation end products

Advanced glycation end products (AGEPs) are
heat-induced food toxicants, which are protein-
bound Maillard reaction products. AGEPs consti-
tute a group of heterogeneous moieties produced
endogenously from the non-enzymatic glycation
of proteins, lipids, and nucleic acids (Krause et al.
2003; Goldberg et al., 2004). They are present in
several heated foods, such as canned foods and
meat products (Goldberg et al., 2004; Uribarri
et al., 2010). The formation of AGEPs is part of
the normal metabolism, but if their levels are very
high in tissues and in the circulation, they can
become pathogenic. Carboxymethyllysine is one
of the best-characterized AGEP compounds, and
is frequently used as a marker of AGEP forma-
tion in food. In meat products, carboxymethyl-
lysine ranges from 0.01 to 6.87 mg per 100 g of
food (mean, 0.86), and in meat dishes, it ranges
from 0.10 to 42.39 mg per 100 g of food (mean,
2.42) (Hull et al., 2012). AGEP levels depend on
red meat composition (Goldberg et al., 2004;
Chen & Smith, 2015). Indeed, foods high in
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protein and lipid content show the highest
AGEP levels, probably due to the large quan-
tity of free radicals released via the various
lipid peroxidation reactions that catalyse the
formation of AGEPs during the cooking of
meat products. AGEP formation depends on
temperature, method, and duration of heating.
The higher the cooking temperature, the more
AGEPs are formed in red and processed meat.
Different studies have shown that oven-frying
produces more AGEPs than deep-frying, and
broiling produces more AGEPs than roasting.
Boiling produces less AGEPs (Goldberg et al.,
2004; Chen & Smith, 2015). Cooking duration
seems to be less important than the temperature
and method, as shown in Table 1.10.

(vi)  N-Glycolylneuraminic acid

Sialic acids are a family of sugars with a
nine-carbon sugar acid. N-Glycolylneuraminic
acid (Neu5Gc) (Fig. 1.4) is one of the most
common sialic acids and is found in almost all
mammals. Humans are genetically deficient in
Neu5Gc production and instead metabolically
accumulate it from dietary sources, particu-
larly red meat and milk products. However,
metabolically accumulated dietary Neu5Gc
results in the production of circulating anti-
Neu5Gce antibodies, leading to chronic local
inflammation (Hedlund et al., 2008). It has been
shown that the amount of Neu5Gc is high in red
meats compared with other dietary sources, with
beef being the most Neu5Gce-enriched compared
with other red meats (Tangvoranuntakul et al.,
2003; Samraj et al., 2015; Table 1.11).




Red meat and processed meat

Fig. 1.4 Structure of N-glycolylneuraminic
acid (Neu5Gc)

(b)  Processed meat

Processed meat can contain additional toxi-
cants, apart from the heat toxicants described
for red meat. The addition of nitrate and nitrite
generates NOCs, and smoking can generate
PAHs.

(i) N-Nitroso compounds

Processed meat products can be contami-
nated with NOCs such as N-nitrosamines, which
result from the reaction between a nitrosating
agent, originating from nitrite or smoke, and a
secondary amine, derived from protein and lipid
degradation (Preussmann & Stewart, 1984; De
Mey et al., 2015). N-Nitrosamine production is
dependent on reaction conditions (e.g. low pH
and high temperature), and on meat composition
and processing (e.g. ageing, ripening, fermen-
tation, smoking, heat treatment, and storage)
(Stadler & Lineback, 2009; Sindelar &Milkowski,
2012; De Mey et al., 2015). NOCs can also be
formed endogenously after consumption of red
or processed meat (Santarelli et al., 2008).

The most commonly found N-nitrosamines
in processed meat are N-nitrosodimethylamine
(NDMA), N-nitrosodiethylamine (NDEA),
N-nitrosopiperidine (NPIP), and N-nitroso-
pyrrolidine (NPYR) (Fig. 1.5; Table 1.12). The
concentrations of some of these NOCs in

representative processed meats are given in
Table 1.13.

A recent study detected N-nitrosamines
in dry fermented sausages; only NPIP and
N-nitrosomorpholine (NMOR) were detected
in a high number of samples (n = 101; 22% and
28%, respectively). When N-nitrosamines were
detected, their total amount remained below
5.5 pg/kg, with only one exception at 14 ug/kg
(De Mey et al., 2014).

The addition of sodium ascorbate to meat,
and to a lesser extent NaCl, was shown to
decrease N-nitrosamine levels (e.g. NDMA and
NDEA) in processed meat. On the contrary,
baking processes increased N-nitrosamine
levels (Rywotycki, 2007). [The Working Group
noted that since the levels of nitrate and nitrite
allowed in cured products are being lowered in
many countries, a decrease in NOC formation is
expected compared with previous decades.]

(i) Polycyclic aromatic hydrocarbons

Traditional commercial smoking techniques,
in which smoke from incomplete wood burning
comes into direct contact with the product,
can lead to significant contamination by PAHs
if the process is not adequately monitored.
Temperature, time, humidity, type of smoke
used, and even the design of the smokehouse are
crucial parameters in controlling PAH formation
(EFSA, 2008; Roseiro et al., 2011). The concentra-
tions of selected PAHs in different smoked meats
are given in Table 1.8.

PAHs have also been found in dry fermented
sausages in Portugal. The concentrations
of chrysene, benzo[a]anthracene, BaP, and
benzo[a]fluoranthene were 5.1-38.11, 8-32.9,
1.2-6.6, and 0.63-7.4 pg/kg dry matter, respec-
tively (Roseiro et al., 2011).

The use of liquid smoke flavouring might
reduce PAH levels in commercially smoked meat
products (EFSA, 2008).
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Fig. 1.5 Structures of N-nitroso compounds commonly found in processed meats

/NZO
/N:O /—N
H3C_N\ H3C >
CH, H,C
NDMA NDEA

The full chemical names of these compounds are given in Table 1.12

1.3 Exposure via food intake

1.3.1 Data description

Consumption for a given food depends on
two parameters: size of the portion and frequency
of eating. In addition, the overall dietary pattern
is based on types of foods consumed, which
depends on socioeconomic factors (e.g. age,
ethnicity, geographical origin, religion, level
of education, and income). As a result of these
difficulties, food consumption can be estimated
using two different techniques: per capita studies
and individual surveys, which can, respectively,
underestimate or overestimate long-term dietary
exposures.

Food consumption results can also be gener-
ated using household budget surveys, which
correspond to per capita estimates at the house-
hold level. However, as the data for household
budget surveys are weak, they will not be further
considered in this Monograph.

In epidemiological studies, food frequency
questionnaires (FFQs) are typically used for
ranking subjects according to food or nutrient
intake, rather than for estimating absolute levels
of intake (Beaton, 1994; Kushi, 1994; Sempos
et al., 1999). These questionnaires are further
discussed in Section 1.4.1.
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(a)  Per capita consumption from economic
surveys

The per capita consumption is calculated
as follows: national production figures plus
imports, minus exports, divided by the total
number of individuals in the population. The
average values are collected by the Food and
Agriculture Organization of the United Nations
Statistical Databases (FAOSTAT) (FAO, 2015)
on a yearly basis, and may provide a superior
estimate of long-term consumption. However,
the per capita data underestimate the true
consumption of food items, as less than 100%
of the population are consumers, and the whole
population is used to calculate the data. On the
contrary, for food items consumed by 100% of
the population, the data correctly account for
both the amount consumed and the frequency
of consumption. Based on the FAO per capita
data, the World Health Organization (WHO)
generated the Global Environment Monitoring
System (GEMS) cluster diets (WHO, 2015a)
using a mathematical technique to group coun-
tries with similar dietary patterns (Sy et al.,
2013). Consumption values were calculated for
each cluster as the average consumption of the
food commodity in each country of the cluster.
The range of values was therefore narrower than
those for FAO national per capita consumption.




Red meat and processed meat

Table 1.7 Polycyclic aromatic hydrocarbons cited in this Monograph

Common name (name used in this volume) CAS registry No.
Benz[a]anthracene 56-55-3
Benzo[b]fluoranthene 205-99-2
Benzo[j]fluoranthene 205-82-3
Benzo[k]fluoranthene 207-08-9
Benzo|c|fluorene 205-12-9
Benzo[ghi]perylene 191-24-2
Benzo[a]pyrene 50-32-8
Chrysene 218-01-9
Cyclopenta[cd]pyrene 27208-37-3
Dibenz[a,h]anthracene 53-70-3
Indeno(1,2,3-cd]pyrene 193-39-5
Dibenzol[a,e]pyrene 192-65-4
Dibenzo[a,h]pyrene 189-64-0
Dibenzola,i]pyrene 189-55-9
Dibenzo[a,/]pyrene 191-30-0
Indeno(1,2,3-cd]pyrene 193-39-5
5-Methylchrysene 3697-24-3

Note: the chemical structure of some of these PAHs is given in Fig. 1.3

(b) Individual food consumption data

Individual food consumption data are gener-
ated from surveys based on recall or recording of
daily consumption over 1-7 days. This method
allows the distribution of consumption across
a population and the consumption of high
consumers to be estimated. The method over-
estimates long-term consumption by extrapo-
lating data collected over a short period of time
(Tran et al., 2004; IPCS, 2009).

1.3.2 Results

(a)  Total meat consumption

For total per capita meat consumption
worldwide in 2011, important differences were
observed between regions consuming high
quantities of meat (i.e. Oceania, 318 g/day;
north America, 315 g/day; south America, 215
g/day; Europe, 208 g/day; central America, 148
g/day) and regions consuming low quantities

of meat (i.e. Asia, 86 g/day; Africa, 51 g/day)
(FAQ, 2015).

In the European Prospective Investigation
into Cancer and Nutrition (EPIC) study,
surveys not representative of the national popu-
lation were conducted in 10 European coun-
tries. Food consumption was estimated based
on one 24-hour dietary recall (Linseisen et al.,
2002). This study concluded that for total meat,
the lowest mean consumption in Europe was
observed in Greece (47 g/day for women and 79
g/day for men), and the highest mean consump-
tion was observed in Spain (124 g/day for women
and 234 g/day for men) (Linseisen et al., 2002).

According to FAOSTAT, from 2003 to 2011,
meat consumption increased in all regions,
but most significantly in Asia (16%) and in
Africa (20%). These figures were for both red
and poultry meats, and for both processed and
unprocessed meats (FAO, 2015).
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Table 1.8 Concentration levels (pg/kg) of selected polycyclic aromatic hydrocarbon in samples of

white, red, and processed meat

PAH Cooking/ Beef Pork Chicken
processing method
Range Mean  Range Mean Range Mean
Benzolk|fluoranthene (BKF) Smoked 1.03-3.35 2.57 0.65-4.69 2.96 1.13-4.01 3.54
Grilled 0.35-2.04 1.87 0.22-3.56 1.37 <0.10-1.95 1.29
Boiled < 0.10-1.81 1.09 0.36-1.45 1.01 0.12-1.54 1.19
Unprocessed ND ND ND ND ND ND
Benzo[a]pyrene (BaP) Smoked <0.10-5.43 5.34 0.50-10.02  1.28 <0.10-5.91 2.91
Grilled 0.17-2.93 2.74 0.21-5.73 1.75 0.48-3.73 1.82
Boiled 0.27-1.30 0.87 0.17-1.45 0.94 <0.10-1.66 0.99
Unprocessed 1.71-2.42 0.34 ND ND ND ND
Indeno(123-cd]pyrene (IP) Smoked 1.82-27.59 5.10 8.81-31.11 5.29 1.40-7.17 1.39
Grilled 1.34-8.48 0.62 1.65-8.59 4.01 1.07-3.42 0.61
Boiled 0.41-1.22 0.54 0.54-1.81 0.97 0.34-1.19 0.45
Unprocessed 1.32-7.86 3.16 0.27-3.06 1.73 0.21-1.08 0.45
Benzo[ghi]perylene (BghiP) Smoked <0.30-2.55 1.42 <0.30-3.18 1.09 0.88-3.41 2.68
Grilled 0.61-1.64 1.50 0.78-2.66 1.84 <0.30-2.56 1.34
Boiled 0.36-1.19 0.82 <0.30-1.62 0.93 <0.30-1.87 1.12
Unprocessed ND ND ND ND ND ND

Adapted from Food chemistry, Volume 156, Olatunji et al. (2014). Determination of polycyclic aromatic hydrocarbons [PAHs] in processed meat
products using gas chromatography - Flame ionization detector, Pages No. 296-300, Copyright (2014), with permission from Elsevier

(b)  Association between consumption of red
meat and consumption of other foods

Food categories are not independent in regard
to consumption. In the field of nutrition, nutrient
intake is estimated by combining consump-
tion data with food nutrient composition data-
bases. Thereafter, homogeneous subgroups of
consumers with comparable nutrient intakes
(dietary patterns) are identified by using clas-
sical statistical clustering techniques (Pryer etal.,
2001; Hu, 2002). The association between food
categories can also be observed by using prin-
cipal component analysis. For example, intake
of processed meat was associated with intake
of French fries, sweets, cakes, desserts, snacks,
and alcoholic beverages (Fung et al., 2003; Dixon
et al., 2004; Kesse et al., 2006).

Whereas clustering is based on nutrient
intake, it is very difficult to a posteriori identify
foods that contribute by a majority to a given
dietary pattern. Zetlaoui et al. proposed the use of
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principal component analysis for food clustering
(Zetlaoui et al., 2011). Based on this approach,
and its application in the FAO per capita data
set (i.e. 415 food products in 179 countries), 30
consumption systems leading to 17 cluster diets
have been described (Sy et al., 2013). According
to this publication, the consumption of pork
meat seemed to be associated with the consump-
tion of barley beer, poultry meat, wheat flour, and
refined sugar. The consumption of cattle meat
seemed to be associated with cow milk and wheat

flour (Sy et al., 2013).

(c)  Red meat consumption

According to FAOSTAT in 2011, the cumu-
lated mean per capita consumption of beef,
mutton, goat, and pig meat was 30, 60, 130, 140,
and 200 g/day, respectively, for Africa, Asia,
America, Europe, and Oceania (FAO, 2015).
From the WHO/GEMS clusters, the average




Red meat and processed meat

Table 1.9 Total iron and percentage of haem iron in raw and cooked meat

Meats Total iron (mg/100 g) % Haem iron % Loss
Raw Cooked Raw Cooked
Red meat
Beef
Sirloin 2.07 3.59 83 74 11
Fillet 2.35 3.38 90 85
Roasted beef 2.04 3.74 87 84
Topside 1.93 2.88 87 66 24
Mean 2.09 3.39 87 78 11
Veal
Fillet 0.85 1.58 84 83 1
Lamb
Chop 2.23 3.20 75 70 7
Horse
Fillet 2.21 3.03 79 71 11
Pork
Loin 0.36 0.46 56 46 18
Chump chop 0.49 0.79 66 69 (+4)
Mean 0.42 0.64 62 61 7
White meat
Chicken
Breast 0.40 0.58 30 28 7
Leg (thigh) 0.70 1.34 30 22 27
Leg (lower part) 0.63 1.20 46 35 24
Wing 0.63 0.92 44 25 43
Mean 0.59 1.01 38 28 28
Turkey
Breast 0.50 0.79 28 27 4
Leg (thigh) 0.99 1.46 50 39 22
Leg (lower part) 0.88 1.51 49 38 22
Mean 0.79 1.25 42 35 18

Adapted from Lombardi-Boccia et al. (2002)

total red meat consumption ranged from 15 to
147 g/day (WHO, 2013).

Inasystematic assessment, the Global Burden
of Diseases Nutrition and Chronic Diseases
Expert Group (NutriCoDE) evaluated the global
consumption of key dietary items (foods and
nutrients) by region, nation, age, and sex in 1990
and 2010 (Imamura et al., 2015). Consumption
data were evaluated from 325 surveys (71.7%
nationally representative) covering 88.7% of
the global adult population. According to the
analysis, the median of mean consumption

of red meat worldwide ranged from 23 g/day
(2.6-28 g/day) for the first quintile to 84 g/day
(71-138 g/day) for the fifth quintile (Imamura
et al., 2015).

Individual food consumption surveys provide
the distribution of consumption for consumers
only (i.e. high percentiles of consumption as well
as percentages of consumers by country) (FAO/
WHO, 2015; FCID, 2015). Worldwide detailed data
on red meat consumption (g/kg bw per day) are
presented in Table 1.14 and Table 1.15 for adults
and children, respectively.
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Table 1.10 Advanced glycation end product content in red meat, processed meat, and chicken>

Meat Cooking/processing method Advanced glycation end product (kU/110 g)
Beef Raw 707
Roast 6071
Steak, raw 800
Steak, broiled 7 479
Steak, grilled 4 min 7 416
Steak, microwaved, 6 min 2 687
Steak, pan fried w/olive oil 10 058
Steak, strips, 450°F, 15 min 6851
Steak, strips, stir fried with 1 T canola oil, 15 min 9522
Steak, strips, stir fried without oil, 7 min 6973
Stewed 2443
Frankfurter, boiled in water, 212° F, 7 min 7 484
Frankfurter, broiled 450°F, 5 min 11 270
Ground, 20% fat, pan/cover 5527
Hamburger patty, olive oil 180°F, 6 min 2639
Meatball, potted (cooked in liquid), 1 h 4300
Meatball, w/sauce 2 852
Meatloaf, crust off, 45 min 1862
Pork Bacon, fried 5 min no added oil 91 577
Bacon, microwaved, 2 slices, 3 min 9023
Ham, deli, smoked 2 349
Liverwurst 633
Chop, pan fried, 7 min 4752
Ribs, roasted 4430
Roast (Chinese take-out) 3544
Sausage, beef and pork links, pan fried 5426
Sausage, Italian, raw 1861
Sausage, Italian, barbecued 4 839
Sausage, pork links, microwaved, 1 min 5943
Lamb Leg, raw 826
Leg, boiled, 30 min 1218
Leg, broiled, 450°F, 30 min 2431
Leg, microwave, 5 min 1029
Veal Stewed 2 858
Chicken Ground, white meat, raw 877
Meatball, potted (cooked in liquid) 1 h 1501
Potted (cooked in liquid) with onion and water 3329
Roasted 6020
Skin, back of thigh, roasted then barbecued 18 520

» Glycation end product content based on carboxymethyllysine content
Adapted from Journal of the American Dietetic Association, Volume 110, issue 6, Jaime Uribarri, Sandra Woodruff, Susan Goodman, Weijing

Cai, Xue Chen, Renata Pyzik, Angie Yong, Gary E. Striker, Helen Vlassara, Advanced Glycation End Products in Foods and a Practical Guide to

Their Reduction in the Diet, Pages No. 911-916.e12, Copyright (2010), with permission from Elsevier (Uribarri et al., 2010)
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Table 1.11 Content of N-glycolylneuraminic
acid in red or processed meat, raw or cooked
under different conditions

Meat Neu5Gc content (ug/g)
Ground beef 25
Beef steak (raw) 134
Beef steak (baked) 210
Beef steak (boiled) 231
Beef steak (fried) 199
Ground lamb 14
Lamb steak (raw) 57
Lamb steak (baked) 50
Lamb steak (boiled) 47
Lamb steak (fried) 19
Ground pork 19
Pork chop (raw) 25
Pork chop (baked) 40
Pork chop (boiled) 36
Pork chop (fried) 29
Pork bratwurst 11
Pork bacon 7

Neu5Gc, N-glycolylneuraminic acid
From Samraj et al. (2015), with permission of the editor

(i) Europe

The European Food Safety Authority (EFSA)
collected in a harmonized way the results from
national food consumption surveys of more
than 20 member states of the EU. The median
of mean meat consumption for adults was
35 g/day, ranging from about 10 g/day
(Sweden) to 110 g/day (Austria). At the 95th
percentile, meat consumption ranged from
20 g/day (Sweden, 21% of consumers) to 237 g/
day (Austria, 88% of consumers). Similar results
were found for adolescents, both in terms of
amount consumed and percentage of the popu-
lation that are consumers. For infants and
toddlers, the median of mean meat consumption
was about 50 g/day, ranging from 20 to 80 g/day,
and the percentage of consumers ranged from
about 5% (the Netherlands) to 100% (Germany).
At the 95th percentile, the meat consumption
ranged from 40 g/day (the Netherlands) to about
190 g/day (Belgium) (EESA, 2011).

The EPIC study concluded that red meat
consumption ranged from 24 to 57 g/day for
women and from 40 to 121 g/day for men based
on 24-hour recall (Linseisen et al., 2002).

(i)  Americas

Few representative national surveys were
available for the Americas. In the USA (FCID,
2015), the mean consumption of total red meat
was 86 g/day for adult consumers and 242 g/day
at the 95th percentile for the same population
(72% consumers). For children aged between
1 and < 3 years, mean consumption was 31 g/
day and 89 g/day at the 95" percentile (62%
consumers). For children aged between 3 and
16 years, mean consumption was 60 g/day and
176 g/day at the 95th percentile (71% consumers)
(ECID, 2015). Similarly, in Brazil, the mean
consumption of beef was 92 g/day for the general
population and 232 g/day at the 95th percen-
tile for the same population (69% consumers).
No data were available for children in Brazil,
and no data were available for other countries
in Latin America. However, according to the
GEMS Cluster diets, the dietary patterns in this
region seemed homogeneous (FAO/WHO, 2015;
Table 1.14 and Table 1.15).
(iii)  Africa

Data were scarce and incomplete for Africa.
Fortunately, individual food consumption
surveys were performed for adult women and
children in Burkina Faso and Uganda. In these
two countries, the percentage of consumers of
red meat was less than 5% of the population.
However, for these adult consumers, the mean
consumption was between 23 and 90 g/day, and
consumption at the 95th percentile was between
28 and 147 g/day. For children, the percentage
of consumers of red meat was below 4% of this
population. Similarly, compared with adults,
consumption for child consumers was close to
thatobservedin developed countries, withamean
between 13 and 62 g/day, and a high consumption
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Table 1.12 N-Nitroso compounds commonly found in processed meat

Common abbreviation Full name CAS registry No.
NMDA N-Nitrosodimethylamine 62-75-9
NDEA N-Nitrosodiethylamine 55-18-5
NPIP N-Nitrosopiperidine 100-75-4
NPYR N-Nitrosopyrrolidine 930-55-2
NDBA N-Nitrosodi-n-butylamine 924-16-3
- N-Nitrosomethylethylamine 10595-95-6
- N-Nitrosoproline 7519-36-0
- N-Nitrosohydroxyproline 30310-80-6
NMOR N-Nitrosomorpholine 59-89-2

CAS, Chemical Abstracts Service
The chemical structure of some of these compounds is given in Fig. 1.5

at the 95th percentile of between 22 and
69 g/day. It is therefore likely that the difference
in the per capita consumption (four to five times
lower in Africa than in Europe) was mainly due to
alower number of consumers rather than to large
differences in the dietary patterns of consumers
(FAO/WHO, 2015; Table 1.14 and Table 1.15).

(iv)  Middle East and north Africa

Intake of red meat in countries of the Middle
East and north Africa was estimated in 2010
to range from 200 g/week (Afghanistan) to
700 g/week (Algeria and United Arab Emirates)
(Afshin et al., 2015).

(v) Asia

Food consumption surveys were available
from Bangladesh, China, Japan, the Philippines,
the Republic of Korea, and Thailand. In Asia,
the main types of red meat consumed were
pork and beef (FAO/WHO, 2015). In China,
the predominant red meat consumed was pork,
with 63% of consumers, a mean consumption of
84 g/day, and consumption at the 95th percentile
of 224 g/day for adult consumers only (Table 1.14).
Based on three consecutive 24-hour recalls,
a prospective study of 5000 adults from 4280
households in nine provinces showed an increase
in average consumption of pork of 20% (52 vs
62 g/day per person) from 1989 to 2004
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(Zhai et al., 2009). For Chinese children, the
mean consumption of pork was 51 g/day, and
consumption of pork at the 95th percentile was
142 g/day. Beef was consumed by less than 10% of
the Chinese population, with a mean consump-
tion of 46 g/day and consumption at the 95th
percentile for consumers of 130 g/day. For
children, the mean consumption of beef was
32 g/day, and consumption of beef at the
95th percentile was 85 g/day. These figures were
close to those reported in the Americas and
Europe (FAO/WHO, 2015; Table 1.15).
Similarly, in the Republic of Korea, the
consumption of pork for adults was 76 g/day,
and consumption of pork at the 95th percentile
was 253 g/day (44% of consumers). For children,
the mean consumption of pork was 30 g/day,
and consumption of pork at the 95th percentile
was 95 g/day. Finally, in the Philippines, for one
third of the population, the mean consumption
of pork for children was 75 g/day, and consump-
tion of pork at the 95th percentile was 208 g/day
(33% of consumers). On the contrary, in Japan,
beef and pork were consumed by a wide range
of consumers (i.e. 89% and 99% of the popu-
lation, respectively). The mean consumption
and consumption at the 97.5th percentile for
consumers only were 53 and 83 g/day, respec-
tively, i.e. about half of the consumption in north




Red meat and processed meat

Table 1.13 Major sources of dietary N-nitrosamines in processed meats

Processed meat

Concentration of nitrosamines (pg/kg)

NDMA NDEA NPYR NPIP
Bacon fried ND-30 ND-1 ND-200 ND-1
Cured meats ND-4 ND-4 ND-25 ND-2
Smoked meats ND-3 ND-7.9 ND-0.1 ND-0.1
Sausages
Frankfurter ND-84 - - -
Mettwurst + + ND-105 ND-60
Liver sausage ND-35 ND-25 ND-80 =
Salami ND-80 - - -
Bologna = ND-25 ND-105 =

+, detected but not quantitated; -, not reported; ND, not detected; NDMA, N-nitrosodimethylamine; NDEA, N-nitrosodiethylamine; NPIP,

N-nitrosopiperidine; NPYR, N-nitrosopyrrolidine

From: Nitrates, nitrites and N-nitrosocompounds: A review of the occurrence in food and diet and the toxicological implications, R. Walker, Food
Additives & Contaminants, 1990, reprinted by permission of Taylor & Francis (Taylor & Francis Ltd, http://www.tandfonline.com) (Walker, 1990)

America or in China. In Thailand, the percentage
of pork meat consumers was 89%, with a mean
consumption of 23 g/day. In Bangladesh, the
percentage of red meat consumers was less than
10%. The mean consumption for consumers was
between 10 and 23 g/day, and the consump-
tion at the 95th percentile was between 25 and
77 g/day (FAO/WHO, 2015; Table 1.14 and
Table 1.15).

(iv)

Oceania

The 2008/09 New Zealand Adult Nutrition
Survey (University of Otago and Ministry of
Health, 2011) estimated the mean consumption
of beef and veal to be 180 g/day, and consump-
tion of beef and veal at the 90th percentile to be
397 g/day for consumers only. The same survey
estimated the mean consumption of lamb and
mutton to be 137 g/day, and consumption of lamb
and mutton at the 90th percentile to be 275 g/day.
For these two food categories, the percentage of
consumers was 24% for beef and veal meat, and
7% for lamb and goat meat (Parnell et al., 2012).
Data on the consumption of pork, as well as the
total red meat consumption, were not available
for adults. For Australia, data on consumption
were only available for children. They showed

a mean consumption that for consumers only
ranged from 13 to 70 g/day, and a consumption
at the 97.5th percentile that ranged from 83 to
257 g/day (FAO/WHO, 2015; Table 1.15).

In summary, for most countries (e.g.
Australia, central and southern Europe, China,
the Philippines, the Republic of Korea, and the
USA), the mean consumption of red meat for
consumers only was around 50-100 g/day, and
high consumption was around 200-300 g/day.
The percentage of meat consumers seemed to
be proportional to the income or the level of
development. In other words, the distribution
of meat consumption was fairly similar among
consumers in these countries. Therefore, anal-
ysis of per capita data only may give the wrong
perception of the levels of consumption. In some
countries (e.g. Japan, northern Europe, and
Thailand), the consumption of red meat was low,
despite a percentage of consumers of about 90%,
probably due to substitution with fish and other
seafoods. Finally, in less-industrialized countries
for which data were available (e.g. Bangladesh,
Burkina Faso, and Uganda), the percentage of
consumers was below 10%, probably due to
the high price of red meat. It should be noted
that, in these countries, the mean and high
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consumption for consumers were up to 90 and
150 g/day, respectively (FAO/WHO, 2015;

to 34 g/day (26-76 g/day) for the fifth quintile

(Imamura et al., 2015).

Table 1.14, Table 1.15).

(d)  Offal consumption

The per capita consumption of mammalian
offal worldwide was generally lower than 10 g/day
per person, except for Australia and European
countries, where the highest levels (15 g/day per
person) were reported by GEMS clusters diets
(WHO, 2013). From National food consumption
surveys, high mean consumption for consumers
only was reported for a limited proportion of the
population. For example, in Brazil, the average
consumption of mammalian offal in the general
population was 84 g/day per person for 3.5% of
consumers (FAO/WHO, 2015). In Germany, the
mean consumption of cattle offal for adults was
53 g/day per person for 0.3% of consumers. In
China, the consumption of mammalian offal by
the general population was 44 g/day per person
for 3.5% of consumers. It should be noted that
high consumers can eat up to about 260 g/day per
person of mammalian offal (Brazil), and in such
situations, offal was a likely substitute for other
meat products (FAO/WHO, 2015).

(e)  Processed meat consumption

The consumption of processed meat is more
difficult to estimate than that of red meat, as it is
a heterogeneous food group with different defini-
tions across countries. Detailed worldwide data
on processed meat consumption (g/kg bw per
day) are presented in Table 1.16 and Table 1.17 for
adults and children, respectively.

According to the per capita data collected by
FAOSTAT, the total processed meat consump-
tion was between 0 and 33 g/day (FAO/WHO
2015). Based on the GEMS cluster diets, the total
processed meat consumption ranged from less
than 1 to 18 g/day (WHO, 2013).

In the NutriCoDE study, the median of mean
consumption of processed meat ranged from
3.9 g/day (1.8-5.1 g/day) for the first quintile

72

These levels of consumption of processed
meat were consistent with those in Japan, where
the percentage of consumers was about 97%,
the mean consumption was 14 g/day, and the
consumption at the 95th percentile was 34 g/day
(FAO/WHO, 2015; Table 1.16). On the contrary, in
China, the percentage of consumers of processed
meat was about 2-3.8% of the total population;
however, for this group, the mean consumption
and the consumption at the 95th percentile were
66 and 182 g/day, respectively (FAO/WHO, 2015;
Table 1.16). Based on three consecutive 24-hour
recalls, a prospective study of 5000 adults from
4280 households in nine provinces showed
that the average processed meat consumption
increased by three-fold (5 vs 15 g/day per person)
from 1989 to 2004 (Zhai et al., 2009).

Intake of processed meat in countries of the
Middle East and north Africa was estimated
in 2010 to range from 2.5 g/day (Palestine) to
6.7 g/day (United Arab Emirates) (Afshin et al.
2015).

In New Zealand, the mean consumption
of sausages and processed meat was 110 g/day
for women and 142 g/day for men. At the 90th
percentile, the consumption reached 212 g/day for
women and 300 g/day for men. In addition, the
percentage of consumers older than 15 years was
about 16% of the population (Parnell et al., 2012).

In Brazil, the percentage of consumers of
processed meat was about 27% of the total popula-
tion; however, for this group, the mean consump-
tion and the consumption at the 95th percentile
were 33 and 94 g/day, respectively (FAO/WHO
2015; Table 1.16).

In the USA, detailed results were available
for processed meat from game, beef, goat, and
pork. Interestingly, the percentage of consumers
ranged from 0.07% (processed goat meat) to 65%
(processed beef meat), but the mean consumption
ranged from 42 to 99 g/day, and the consumption
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at the 95th percentile ranged from 152 to
309 g/day (ECID, 2015).

In Europe, the mean consumption of
processed meat for adults was between about
10 and 80 g/day. The consumption at the 95th
percentile was up to 200 g/day (EESA, 2011).
In the EPIC cohort, the lowest consumption
of processed meat was found in Greece, with
11 g/day for women and 19 g/day for men. The
highest consumption of processed meat was
found in Norway for women (48 g/day) and in
Germany for men (89 g/day) (Linseisen et al.,
2006).

[The Working Group noted that despite the
weaknesses of the data set, it seemed that in
certain countries the consumption of processed
meat is similar to the consumption of red meat
for consumers only. However, the percentage of
consumers of processed meat seemed to be much
smaller, leading to a per capita consumption four
to five times lower than that of red meat.]

(f)  Dietary exposure to chemicals in meat

(i)  Chemicals in the environment

Several chemicals classified as carcinogens by
the International Agency for Research on Cancer
(IARC) are present in the environment and can
contaminate meat through air, water, or animal
feed. They can be generated either from indus-
trial activities or from microorganisms (IARC,
2010a, b, 2012a, b, 2016).

Dioxin and dioxin-like compounds: The Joint
FAO/WHO Expert Committee on Food
Additives (JECFA) assessed dioxins and
related compounds in 2002. The dietary
exposure estimate, expressed as toxic equiva-
lency factors for PCDDs and PCDFs based on
national data, ranged from 33 to 42 pg/kg bw
per month and from 81 to 100 pg/kg bw
per month at the 50th and 90th percen-
tiles, respectively. For coplanar PCBs, the
dietary exposure estimate ranged from 9 to
47 pg/kg bw per month and from 25 to
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130 pg/kg bw per month at the 50th and 90th
percentiles, respectively. The contribution
from meat was estimated to range from 6% in
Asia to 23% in north America for PCDDs and
PCDFs, and from 4% in Asia to 55% in north
America for dioxin-like PCBs (JECFA, 2002).

Brominated flame retardants (BFRs): Food
consumption, especially fish and meat
product consumption, is a major route of
human contamination (Lyche et al., 2015).
For example, higher levels of PBDEs in
humans were found in studies in the USA
where fish were most highly contaminated
(median, 616 pg/g), followed by meat (median,
190 pg/g). However, unlike many European
countries where fish consumption predom-
inates, dietary intake of PBDEs in the USA
is mostly from meat consumption (Schecter
et al., 2008).

Heavy metals: The heavy metals cadmium,
arsenic, and lead have been classified
as carcinogens by IARC (IARC, 2012a).
For the EU, the European Food Safety
Authority (EFSA) has estimated that average
weekly dietary exposure to cadmium was
2.04 pg/kg bw, and at the 95th percentile,
weekly dietary exposure to cadmium was
3.66 ug/kgbw. Food consumedinlarger quan-
tities had the greatest impact on dietary expo-
sure to cadmium. This was true for the broad
food categories of grains and grain products
(26.9%). Meat and edible offal were estimated
to contribute 7.7% of the total dietary expo-
sure (EFSA, 2012). In 2010, JECFA estimated
that for adults, the mean dietary expo-
sure to cadmium was 2.2-12 ug/kg bw per
month, and high-level dietary exposure to
cadmium was 6.9-12.1 ug/kg bw per month.
For children aged 6 months to 12 years, the
mean dietary exposure to cadmium was
3.9-20.6 pg/kg bw per month. Meat was
not part of the food groups that contributed
significantly (40-85%) to the total dietary
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exposure to cadmium (i.e. rice, wheat, vege-
tables, and molluscs) (JECFA, 2013).

Dietary exposure to inorganic arsenic was
last evaluated by JECFA in 2011. The occur-
rence of total arsenic in meat ranged from
0.004 to 0.78 mg/kg, and meat was not a major
contributor to dietary exposure to inorganic
arsenic (JECFA, 2011).

Lead was last evaluated by JECFA in 2011.
Mean dietary exposure to lead ranged from
0.02 to 3 pg/kg bw per day for adults, and
from 0.03 to 9 pg/kg bw per day for children.
The contribution of meat and meat products,
including offal, was estimated to be 9% of the
total dietary exposure to lead (JECFA, 2013).

Mycotoxins: EFSA concluded that carry-over
of aflatoxin, deoxynivalenol, zearalenone,
and fumonisin to products of animal origin
was very low (EFSA, 2004a, b, ¢, 2005¢; Kan
& Meijer, 2007). Accumulation of ochratoxin
A occurred predominantly in the blood,
liver, and kidney. Muscle, milk, and eggs
contained much lower levels of this mycotoxin
(EFSA, 2004d).

Chemicals from cooking practices

Heterocyclic aromatic amines (HAAs): No
international dietary exposure assessment
was available for HA As; however, in the EPIC
study, dietary exposure to HAAs was esti-
mated in the Heidelberg cohort (Germany)
using a detailed dietary questionnaire
that assessed meat consumption, cooking
methods, and degree of browning of the
respective food items. Results based on total
meat consumption (including poultry meat)
showed a total median exposure to HAAs
of 30.6 ng/day (13-71.3 ng/day) (Rohrmann
et al., 2007). Other studies’ results showed a
significantly lower dietary exposure to HAAs
for Europe (6.1 ng/kg bw per day) (Zimmerli
etal., 2001) and the USA (11.0-19.9 ng/kg bw
per day) (Keating & Bogen, 2004).

Polycyclic aromatic hydrocarbons (PAHs): In
2006, JECFA estimated the dietary exposure
to PAHs in 18 countries, including Australia,
Brazil, New Zealand, and the United
Kingdom. Estimated intake of BaP ranged
from < 1 to 2.0 pg/day and from 0.0001 to
0.005 pg/kg bw per day. For the other nine
PAHs, intake ranged from less than 1 to
~12 pg/day and from 0.0001 to 0.015 pg/kg bw
per day (WHO, 2006). Generally, despite high
concentrations of PAHs, meat and barbecued
foods were not major contributors to PAH
exposure; however, in the USA, grilled and
barbecued meat was estimated to contribute
to 21% of the intake of BaP (WHO, 2006).
Cereals, vegetal oil, animal fat, and vegetal
fat contributed up to 60% to the whole food
intake of PAHs, as they are major contribu-
tors by weight to the total diet (Dennis et al.
1983).

Nitrosamines: The main sources of NOCs in
the diet are nitrite-preserved meat products
(Tricker, 1997; Haorah et al., 2001). Haorah
et al. (2001) reported a mean concentration
of 5.5 umol/kg of NOC:s in frankfurters, but
only 0.5 umol/kg of NOCs in fresh meat.

Acrylamide: Acrylamide may occur in
meat during cooking (Tareke et al., 2002).
However, meat has been estimated to be a
minor contributor, between 0.2% and 2% of
total dietary intake (WHO, 2006).

1.4 Exposure assessment and
biological markers

1.4.1 Questionnaires

A description of the epidemiological studies
included in this Monograph, in terms of their
study design, is provided in Section 2. A review
of dietary assessment methodologies used in the
epidemiological studies is beyond the scope of
this Monograph (e.g. Thompson & Subar, 2013).
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The majority of the studies used food frequency
questionnaires (FFQs) to assess individual
meat intake (including red meat and processed
meat). FFQs are typically used in epidemio-
logical studies to measure usual dietary intake
in individuals for several reasons. First, FFQs
are a feasible approach in case-control studies,
where usual diet must be ascertained retrospec-
tively (often from the distant past). Second, in
large prospective cohort studies, FFQs can be
distributed by mail or online to a large number
of participants; are self-administered (typically);
may be optically scanned, computer-assisted,
or web-based; and are analysed using precoded
foods/food groups and portion sizes.

The FFQ approach asks respondents to report
their usual frequency of consumption for each
food from a list of foods during a specific period
of time (several months or a year). FFQs are
generally used for ranking subjects according
to food or nutrient intake, rather than for esti-
mating absolute levels of intake. In addition,
they are widely used in case-control and cohort
studies to assess an association between dietary
intake and disease risk (Kushi, 1994; Beaton,
1994; Sempos et al., 1999).

The ability to quantify total dietary intake
depends on the number of food items listed in
the FFQ, on the level of detail collected within
the questionnaire, on whether portion sizes for
the foods/food groups are included, and on the
timeframe of intake or reference period used.
For red meat and processed meat specifically,
the classifications used to define red meat and
processed meat as a food category also influence
the calculation of total dietary intake (Block et al.
1986; Rimm et al., 1992).

Although food lists included in FFQs vary
based on the purpose of the study and the study
population, the appropriateness of the food lists
is crucial. The full variability of an individual’s
diet, which includes many foods and mixed
dishes, cannot be captured by a finite food list.
Ollberding et al. (2012), for example, identified
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a food list for their FFQ using 3-day measured
food records that could capture 85% or more of
the intake of key nutrients and also food items
traditionally consumed by the populations repre-
sented in the Multiethnic Cohort Study.

Many FFQs have been developed and adapted
to suit different research questions and popula-
tions. In the USA, for example, several question-
naires are commonly used (and are cited in this
Monograph), including:

Health Habits and History Questionnaire
(HHHQ) or Block questionnaire (Block
et al., 1986, 1990; Sobell et al., 1989): This is
a semiquantitative food frequency question-
naire (SQFFQ) originally developed by the
National Cancer Institute (NCI). The SQFFQ
collects portion size information; however,
portion sizes are specified as standardized
portions or by choosing from a range of
portions sizes (e.g. small, medium, or large).
The original Block FFQ has been modified,
and is continually updated by researchers to
suit their research questions and populations.

Harvard FFQ or Willett questionnaire (Caan
et al., 1998; McCann et al., 1999): This
FFQ was developed at Harvard University.
Standard portion size defaults are included
as part of the food items listed, rather than as
a separate listing.

NCI Diet History Questionnaire (DHQ): The
DHQ was designed with an emphasis on
cognitive ease of use for respondents (Subar
etal., 1995, 2001). It is an SQFFQ, which uses
an embedded question approach, that was
developed by NCI.

Definitions of red meat and processed meat as
afood category varied across the studies included
in this Monograph. Red meat was commonly
defined as beef, pork, lamb, or a combination
thereof, and processed meat was generally
defined as meat made largely from pork, beef, or
poultry that undergoes methods of preservation,
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such as curing, smoking, or drying (Santarelli
et al., 2008). While many studies explicitly
defined these classifications (Tiemersma et al.,
2002; Ferrucci et al., 2009; Cross et al., 2010),
other studies provided either no description or
an unclear description of these classifications
(Kato et al., 1997; Jarvinen et al., 2001). The
level of detail collected by the epidemiological
studies, in terms of meat intake, varied widely.
Most studies reported the association between
categories of meat intake labelled “red meat”
or “processed meat” and cancer risk; however,
several studies reported results for individual
red meat items (e.g. beef or pork) (Brink et al.
2005; Norat et al., 2005; Sato et al., 2006; Takachi
etal., 2011; Egeberg et al., 2013) and/or processed
meat items (e.g., hot dogs or bacon). The studies
that included detailed information on the intake
of specific processed meat items were superior to
those that combined generic items into one food
group or one-line items (e.g. “processed meat”),
as the amount of nitrate, nitrite, and haem iron
in processed foods can vary dramatically.

(a)  Portion size

Scientists have used many methods to
improve assessment of portion size in the studies
included in this report. For example, Pietinen
et al. (1999) included a portion size booklet of
122 photographs of foods, each with three to
five different portion sizes. In the Canadian
National Breast Screening Study (CNBSS), Kabat
etal. (2007) also included photographs of portion
sizes to improve portion size assessment. In
the Finnish Mobile Clinic Health Examination
Survey, Jdarvinen et al. (2001) used plastic food
models and real foods to help estimate portion
sizes for their interviewer-assisted FFQ. Dixon
et al. (2004) also used three-dimensional food
models, plastic cups, and spoons to help partic-
ipants identify usual serving sizes in the Kaiser
Permanente Medical Care Program in northern
California, USA.

(b) Validation and calibration

The relative validity of an FFQ provides
information on how well the instrument is
measuring what it is intended to measure. This
is completed by comparing intake assessed using
an FFQ with intake assessed using a reference
method (which is deemed to be superior) in the
same individuals (e.g. an interviewer-led dietary
history or multiple 24-hour recalls). FFQs may
often be validated for their ability to assess total
energy intake in comparison with the doubly
labelled water technique (Hill & Davies, 2001).
The superior method is often prohibitive for use
in large epidemiological studies due to partici-
pant burden, or overall cost of administering and
coding the instrument. Calibration studies are
used to calibrate an FFQ to a reference method
using a regression model. Many of the studies
included in this Monograph used various statis-
tical methods, employing measurement error
models and energy adjustment to assess the
validity of the FFQs and to adjust estimates of the
relative risks for disease outcomes (Bingham &
Day, 1997; Kipnis et al., 1997; Carroll et al., 1998;
Hu et al., 1999). For example, in the National
Institutes of Health — American Association of
Retired Persons (NIH-AARP) Diet and Health
Study, the FFQ used was calibrated against two
non-consecutive 24-hour dietary recalls (Cross
etal., 2010). In the EPIC study, investigators used
a computerized 24-hour dietary recall method to
calibrate dietary measurements across countries
and to correct for systematic over- or underes-
timation of dietary intake (Norat et al., 2005;
Pala et al., 2009). Tiemersma et al. (2002) vali-
dated their short SQFFQ using a dietary history
method, which is a robust, interviewer-admin-
istered dietary assessment method. Each study
included in this Monograph was examined to
determine whether the FFQ used to assess red
meat and processed meat exposure had been
validated (see Section 2).
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(i)  Heterocyclic aromatic amines

Assessment of dietary HAA intake is chal-
lenging, as HAA concentrations vary greatly
according to cooking technique, temperature,
cooking time, and meat type (Sinha et al.
1995; Knize et al., 1998; Sinha et al., 1998a, b).
Epidemiological studies have tried to overcome
these difficulties using surrogate markers of
HAA intake, such as method of cooking, surface
browning, total cooking time, and gravy intake.

To estimate the intake of these cooked meat
mutagens, a detailed meat-cooking module was
developed. The meat-cooking module wasamodi-
fied version of the 1992, 100-item, self-adminis-
tered HHHQ to assess usual dietary intake over
the past year (Block et al., 1986). An interview-
er-administered questionnaire on meat-cooking
practices was also used to assess the consumption
of 23 meat, poultry, and fish items using a matrix
similar to the 100-item HHHQ. The question-
naire collected information on cooking methods;
embedded questions assessed how well the meat
was cooked. Portion size was estimated as small,
medium, or large, relative to the standard portion
size indicated for each food listed in the ques-
tionnaire and meat-cooking module. A mutagen
database, called Computerized Heterocyclic
Amines Resource for Research in Epidemiology
of Disease (CHARRED), developed by NCI/
NIH (NCI, 2017) was used to estimate the intake
of mutagenic compounds from cooked meats.
The CHARRED database estimates the HAA
content of commonly consumed meats, based
on detailed information about the meat-cooking
methods used and meat-doneness level. The rela-
tive validity of this meat-cooking module has
been measured using multiple food diaries (three
of four non-consecutive day diaries completed
over a 3-month period) as the reference method
(Cantwell et al., 2004). Dietary intake of the
three most abundant HAAs was considered:
MelQx, 2-amino-3,4,8-trimethylimidazo[4,5-f]
quinoxaline (4,8-DiMelQx), and PhIP. Crude
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correlation coefficients of HAA intake, assessed
using the FFQ and food diaries, were 0.43 (95%
confidence interval, CI, 0.30-0.55) for MelQx
intake and 0.22 (95% CI, 0.07-0.36) for PhIP
intake. Deattenuated correlations were 0.60
(95% CI, 0.49-0.69) and 0.36 (95% CI, 0.22—0.49),
respectively (Cantwell et al., 2004). This meat-
cooking module has been used in the Prostate,
Lung, Colorectal and Ovarian (PLCO) Cancer
Screening Trial (Cross et al., 2005), Nurses’
Health Study (NHS) (Wu et al., 2010), Health
Professionals Follow-Up Study (HPES), and
other studies (Cantwell et al., 2004).

(i) Nitrate and nitrite

Dietary assessment of nitrate and nitrite
intake was reported by the NIH-AARP Diet and
Health Study (Dellavalle et al., 2013). The base-
line questionnaire included an FFQ that asked
participants about their frequency of consump-
tion and portion sizes of 124 food items over the
past 12 months. Intake of each item was assessed
using 10 predefined categories, ranging from
“never” to “> 2 times per day” for foods, “never”
to “> 6 times per day” for beverages, and three
portion size categories. The FFQ was developed
and validated by NCI using two 24-hour recalls
in a subset of the cohort (Thompson et al., 2008).
Concentrations of nitrate and nitrite for each
food item were estimated from the existing body
of scientific literature, as previously described
(Ward etal., 2003, 2006; Kilfoy et al., 2011). Daily
intake of nitrate and nitrite was calculated by
multiplying the frequency of consumption by the
portion size and the nitrate and nitrite content
of each food item, and then summing across
all food items. Nitrate and nitrite intake from
animal sources and plant sources was calculated
separately. In addition to examining nitrate and
nitrite intake from all animal sources, intake
from processed meat sources was examined
separately, as were animal sources excluding
processed meat (this primarily included intake
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from fresh meats, eggs, yogurt, cheese, and other
dairy products).

The nitrate and nitrite content of over 3000
foods was determined by conducting a review
of the literature, focusing on Canadian and
USA foods, and by calculating the means of the
published values weighted by the number of
samples analysed (Ward et al., 2003, 2006; Kilfoy
etal.,2011). The nitrate and nitrite values for foods
constituting an FFQ line item were combined by
weighting the food-specific values by sex-specific
intake amounts from the 1994-1996 Continuing
Survey of Food Intakes by Individuals (CSFII)
(Subar et al., 2000). For example, the nitrate
content of a line item was calculated using the
weighted average of the nitrate content of the
included foods, where the weights were deter-
mined by intake amounts from the CSFII, based
on age group and sex. Daily intake of nitrate
and nitrite was calculated by multiplying the
frequency of consumption of each line item by
its nitrate or nitrite content and summing over
line items. In addition to calculating nitrate and
nitrite intake from all foods, nitrite intake from
plant, animal, and processed meat sources was
calculated separately.

(c)  Heterogeneity across studies

There was substantial heterogeneity across
the studies included in this Monograph due to
a variety of factors, such as different methods of
dietary assessment and/or measurement, defini-
tions (e.g. food groups and serving sizes), analyt-
ical categorizations (e.g. servings/week and
g/day), exposure contrasts (e.g. analytical
cut-points and intake level comparisons), and
degrees of adjustment for potential confounding
factors. Each cohort study included in this
Monograph is described in Section 2. The
strengths and limitations of the questionnaires
used in studies included in this Monograph are
outlined below.

(d)  Cohort studies

A major strength of cohort studies in nutri-
tional epidemiology is their ability to demon-
strate a temporal relationship between dietary
exposure and cancer risk, as all dietary assess-
ments are completed before diagnoses. Thislimits
difficulties with recall bias and reverse causation.

Wei et al. (2004) used a validated, self-ad-
ministered, 61-item SQFFQ at baseline in 87 733
women from the NHS and a validated, self-ad-
ministered, 131-item SQFFQ in 46 632 men from
the HPFS. The study had several strengths. For
example, the FFQs used were extensively vali-
dated and tested for reproducibility using data
collected from a subgroup of participants who
completed two FFQs (1 year apart) and two
1-week diet records (6 months apart during the
intervening year). The association between base-
line meat intake and cancer risk was assessed in
this study, and red meat intake was clearly defined
as the consumption of beef, pork, or lamb as a
main dish. In addition, in this combined cohort
of women and men, risk estimates were adjusted
using a multivariate model that included impor-
tant confounders (age; family history; body mass
index, BMI; physical activity; beef, pork, or lamb
as a main dish; processed meat; alcohol; calcium;
folate; height; smoking pack-years before aged
30 years; history of endoscopy; and sex). A limi-
tation of this study was the quantification of red
meat in servings per day only (i.e. not in g/day).

In the Physicians’ Health Study (PHS), Chen
et al. (1998) used a nested case—control design to
assess the relationship between red meat intake
and colorectal cancer by N-acetyltransferase
(NAT) genotype. The study included 212 men
who were recruited as part of the Physicians’
Health Study and were subsequently diagnosed
with colorectal cancer or rectal cancer during
13 years of follow-up and were genotyped via
baseline blood sample, along with 221 controls.
At baseline, participants completed an abbre-
viated, self-administered FFQ, which inquired
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about usual consumption of red meat (beef,
pork, or lamb as a main dish, as a mixed dish
or sandwich, and as hot dogs), chicken, and fish.
The abbreviated FFQ used in this study was not
validated, but an expanded form of this FFQ was
validated among other male health professionals.
There were some limitations to this study, as the
use of an abbreviated FFQ (with fewer food items
listed) prevented the adjustment of risk estimates
for total energy intake. In addition, dietary intake
of processed meat was included with red meat
intake, and meat intake was assessed as servings
per day only (i.e. not in g/day).

Dietary assessment in the NIH-AARP Diet
and Health Study was described in detail by
Cross et al. (2010). The study included approx-
imately half a million women and men, each
of whom completed a validated, self-adminis-
tered, 124-item FFQ at baseline. Approximately
6 months later, cancer-free participants were
mailed arisk factor questionnaire, which detailed
information on meat intake and cooking pref-
erences. Meat cooking method (grilled/barbe-
cued, pan-fried, microwaved, and broiled) and
doneness level (well done/very well done and
medium/rare) were used in conjunction with
the CHARRED database to estimate the intake
of several HAAs. The FFQ assessed the usual
frequency of consumption and portion size
information of foods and drinks over the past
12 months. All types of beef, pork, and lamb
were considered red meat, including bacon, beef,
cold cuts, ham, hamburger, hot dogs, liver, pork,
sausage, and steak. Processed meat included
bacon, cold cuts (red and white meat), ham,
luncheon meats (red and white meat), poultry
sausage, red meat sausage, and standard hot
dogs and low-fat hot dogs made from poultry.
Meats added to complex food mixtures, such as
pizza, chilli, lasagne, and stew, contributed to
the relevant meat type. There were many notable
strengths to this study. Several of these strengths
were related to the FFQ, which not only contained
detailed questions pertaining to the components
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of meat, but also was calibrated within this study
population using two non-consecutive 24-hour
dietary recalls. However, there was overlap in the
definitions of red meat and processed meat, as
some processed meat items were classified as red
meat.

In the EPIC study (Norat et al., 2005), dietary
intake over the 12 months before enrolment was
measured by country-specific, validated dietary
questionnaires (88-266 food items, depending
on the country), which were self-administered in
most countries; in Malmo, Sweden, a question-
naire combined with a food record was used. A
second dietary measurement was taken from an
8% random sample of the cohort (36 994 partic-
ipants) using a computerized 24-hour dietary
recall method to calibrate dietary measurements
across countries and to correct for systematic
over- or underestimation of dietary intake. The
major strengths of this study were the large vari-
ability in dietary intake across the population
and the use of a computerized 24-hour dietary
recall method to calibrate dietary measurements
across countries.

In the Alpha-Tocopherol, Beta-Carotene
Cancer Prevention (ATBC) Study, researchers
used a self-administered, modified dietary
history method to capture usual dietary intake
12 months before recruitment. The dietary
history method included 276 food items and a
portion size booklet of 122 photographs of foods,
each with 3-5 different portion sizes. Red meat
intake was defined as intake of beef, pork, or
lamb (Pietinen et al., 1999). A major strength of
this study was the use of a detailed questionnaire.

In the Multiethnic Cohort Study, Ollberding
et al. (2012) assessed diet using a validated
quantitative FFQ, which included a list of foods
identified from 3-day measured food records, to
capture 85% or more of the intake of key nutri-
ents and food items traditionally consumed by
the populations represented in the cohort. The
definition of meat intake was clearly defined as
total meat, red meat, and processed meat. Risk
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estimates were adjusted for important potential
confounders, including energy intake. This study
had many strengths, including a large variability
in diet due to the inclusion of multiple ethnicities
and the use of an extensive dietary questionnaire.

The PLCO Cancer Screening Trial (Ferrucci
et al., 2009) used an NCI DHQ to assess usual
intake (both frequency and portion size) of 124
food items over the past year. The definition of
red meat (g/day) included bacon, beef, cheese-
burger, cold cuts, ham, hamburger, hot dogs, liver,
pork, sausage, veal, venison, and red meat from
mixed dishes. Processed meat included bacon,
cold cuts, ham, hot dogs, and sausage. However,
a limitation of this study was the clear overlap in
the definitions of red meat and processed meat,
as some processed meat items were classified as
red meat.

Flood et al. (2003) used a 62-item NCI
Block FFQ in the Breast Cancer Detection
Demonstration Project (BCDDP) to assess red
meat intake in the previous year. A limitation of
this study was the combined estimate of exposure
to meat, which included pork, beef, hamburger,
processed meat, and liver, so risk estimates for
red meat alone or processed meat alone were not
possible. As the cohort was generated based on
a screening programme, participants may have
changed their dietary habits before baseline, and
recorded intake may therefore not have accu-
rately reflected long-term intake.

Singh & Fraser (1998) assessed dietary intake
in the Adventists Health Study cohort using a
self~administered, mailed, 55-item SQFFQ. The
SQFQQ included just six questions regarding red
meat intake, defined as current intake of beef or
pork. A limitation of this study was the relatively
short dietary questionnaire in a low-risk popula-
tion, with low red meat consumption.

In the New York University Women’s Health
Study, Kato et al. (1997) assessed red meat intake
using a 70-item FFQ, which was slightly modi-
fied from the questionnaire designed by Block
and coworkers (Block et al., 1986). However, the

FFQ was not very extensive, and there were no
quantitative data on red meat intake provided.
It is also unclear whether intake of red meat
included processed meat.

A study by Tiemersma et al. (2002) in the
Netherlands examined the association between
meat intake and cancer risk using a nested case-
control design. A strength of this study was
the use of an SQFFQ, which was validated for
use through comparison with a dietary history
method. A limitation of this study, however, was
that a major source of meat in the population (i.e.
a mixture of pork and beef) was not captured by
the FFQ.

In the Shanghai Women’s Health Study, Lee
et al. (2009) assessed dietary intake at base-
line using a validated quantitative FFQ, which
included 19 food items/groups of animal origin.
A major strength of this study was that the FFQ
was administered by interview.

In the prospective cohort study of 37 112
residents of Melbourne, Australia, English et al.
(2004) assessed dietary intake using a 124-item
FFQ. They also provided a clear definition of
what they included in terms of fresh red meat
(veal, beef, lamb, pork, rabbit, or other game). A
limitation of this study, however, was that portion
size was not measured.

In the lowa Women’s Health Study, (Lee et al.
2005) assessed usual dietary intake over the past
year using a validated, 127-item, self-adminis-
tered SQFFQ virtually identical to the question-
naire used in the 1984 survey of the NHS (Bostick
et al., 1994). Red meat was defined as beef, pork,
or lamb as a main dish. This study had several
strengths, including assessment of reliability and
accuracy of the FFQ used, which was comparable
to what was observed in the NHS. The exten-
sive FFQ allowed for multivariable adjustment,
including age, total energy intake, height, parity,
total vitamin E intake, interaction term vitamin
E *age, and vitamin A supplement use.
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(e)  Case-control studies

A description of the case-control studies
included in this Monograph is provided in
Section 2. Case-control studies investigating
the association between meat intake and cancer
risk are limited, as they assess dietary intake
after cancer has been diagnosed, which can lead
to recall bias. In addition, patients often change
their dietary intake due the presence of a solid
tumour to avoid pain or reflux, for example. As a
result, investigators usually ask cases included in
their studies to recall dietary intake in the period
before diagnosis of cancer to capture usual diet
before diagnosis. As a result, case—control studies
are limited due to the measurement error asso-
ciated with dietary intake due to memory recall.
Tavani et al. (2000), for example, assessed total
red meat intake (beef, veal, and pork) per week
2 years before diagnosis, while Chiu et al. (2003)
assessed dietary intake 5 years before diagnosis
in a case-control study in Shanghai.

In the North Carolina Colon Cancer Study,
Butler et al. (2003) assessed usual diet in the
year before diagnosis for patients, or the year
before the date of selection for controls, using a
150-item FFQ, which was a modified version of
the Block questionnaire. However, no informa-
tion regarding validation was provided. Red meat
intake was calculated as the sum of hamburger,
steak, pork chop, sausage, and bacon intake.

(f)  Conclusion

As outlined in this section, the question-
naires used in the cohort and case-control
studies varied in several ways, including in the
methods of dietary assessment and/or measure-
ment, the use of validated/calibrated question-
naires, the definitions of meat and processed
meat as food groups, the inclusion of serving or
portion sizes, the ability to assess intake (i.e. in
g/day), and the degree of adjustment for poten-
tial confounding factors.
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1.4.2 Biological markers

Despite more than 35 years of research, no
long-term validated biomarkers of exposure
have been employed in molecular epidemi-
ology studies to assess the role of genotoxicants
in cooked or processed meat and cancer risk.
Additionally, other than HA As, the biomarkers
of PAHs or NOCs are not specific to meat, as
they may also measure environmental or endog-
enous exposure.

[The Working Group noted that short-lived
biomarkers, including urinary metabolites
and DNA adducts of meat-related genotoxi-
cants, exist; however, they cannot be used as
biomarkers of exposure in epidemiological
studies, and do not belong in this section
(see Section 4 for details).]

The accumulation of PhIP in hair may
represent the first long-term biomarker of
HAA exposure in cooked meats, although this
biomarker is a measure of the unmetabolized
chemical and not the biologically effective dose.
Harmonization of the method across laborato-
ries is required for validation and implementa-
tion in epidemiological studies.

Recent studies of omnivores have used
metabolomics to identify constituents of meat
in plasma and urine to measure meat consump-
tion. Metabolomics is still a developing tech-
nology. It employs liquid chromatography-mass
spectrometry (LC-MS)-based methods to iden-
tify the constituents or chemicals present in
cooked or processed meat, and may provide reli-
able assessment of dietary habits and patterns of
meat consumption in the future.

Data on the most promising biomarkers
of exposure for red meat and processed meat
consumption in epidemiological studies are
summarized in Section 1.4.2(a) and (b).
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(a)  Hair biomarkers

Gas chromatography-mass spectrometry
(GC-MS) with negative ion chemical ioniza-
tion or liquid chromatography-tandem mass
spectrometry (LC-MS/MS) with triple quadru-
pole-mass spectrometry (TQ-MS) instruments
have been employed to measure PhIP in the hair
of subjects in European countries (Alexander
et al., 2002), Japan (Kobayashi et al., 2005;
Kobayashi et al., 2007; Iwasaki et al., 2014), and
the USA (Bessette et al., 2009; Turesky et al.,
2013). PhIP was identified in the hair of omni-
vores, but not in the hair of vegetarians (Bessette
et al., 2009). The binding of PhIP to hair is
strongly driven by melanin content, and binding
levels of PhIP in hair should be normalized to
melanin content (Bessette et al., 2009; Turesky
et al., 2013). Turesky et al. (2013) observed that,
after being fed a semicontrolled diet, levels of
PhIP in the hair of volunteers increased in an
exposure-dependent manner. Levels of PhIP in
hair were stable over time, varying in two meat
eaters by less than 24% over a 6-month interval
(Turesky et al., 2013). In another study, levels of
PhIP in the hair of Japanese subjects were corre-
lated with grilled/stir-fried meat intake, but not
with grilled/stir-fried fish intake (Kobayashi
et al., 2005). Levels of PhIP were further corre-
lated with dietary HAA intake, according to
an FFQ (Kobayashi et al., 2007). Since the
binding of PhIP to hair is largely influenced
by pigmentation, the biomonitoring of PhIP in
an older population with predominantly white
hair may be difficult. Moreover, because the
growth cycles of individual hair follicles are
asynchronous across the scalp, hair samples
should be consistently collected from the same
area of the scalp for comparison of PhIP levels
in the hair of individuals (Bessette et al., 2009;
Turesky et al., 2013). Despite these limitations,
biomonitoring of PhIP levels in hair is the first
biomarker for assessing long-term exposure to
this cooked meat carcinogen. Other HA As bind

less efficiently to hair, and exposure cannot be
assessed with hair (Bessette et al., 2009; Iwasaki
et al., 2014).

There are reports on the measurement by
GC-NICI/MS of hydroxylated PAHs, including
naphthalene and pyrene, in the hair of subjects
(Schummer et al., 2009; Appenzeller et al., 2012;
Appenzeller & Tsatsakis, 2012). Using hair to
assess exposure to PAHs through meat consump-
tion is challenging because of the multiple
sources of exposure to PAHs and the low levels
of hydroxylated PAHs in hair.

(b)  Urinary and plasma biomarkers

Targeted approaches have been used to
measure different procarcinogens, their metab-
olites, and DNA adducts in urine. More recently,
untargeted metabolomics approaches have been
used to understand dietary patterns of meat
consumption, to strengthen self-administered
FFQs.

(i)  Metabolomics: nutrients and secondary or
indirect biomarkers

Plasma and urine from subjects on different
diets have been characterized by proton nuclear
magnetic resonance, GC-MS, and LC-MS tech-
niques, and hundreds of chemicals have been
identified (Puiggros et al., 2011; Hedrick et al.,
2012; Scalbert et al., 2014).

Correlations were observed among chem-
ical biomarkers of red meat, shellfish, fish, other
food components, multivitamins, and diets, in
plasma (Guertin et al., 2014). Several biomarkers
in urine correlated to meat intake included:
creatine, creatinine, carnitine, carnosine, ophi-
dine, 1-methylhistidine, and 1-methylhistidine
and 3-methylhistidine (Dragsted, 2010; Puiggros
et al., 2011).

In a urinary metabolomic study employing
LC-MS, 3-indoleacetyl-glucuronide, a micro-
biome metabolite of tryptophan, which is found
at high concentrations in animal protein, was
identified, possibly reflecting differences in the
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protein sources between the diets (Andersen
etal., 2014). Indole propionate was also identified
as a potential biomarker of red meat in plasma
(Guertin et al., 2014). Indoles are metabolites
of tryptophan that are largely produced by the
bacterial flora; however, they are not specific to
meat, as they are also found in high amounts in
soya and eggs (Guertin et al., 2014).

(i) Urinary 1-methylhistidine,
3-methylhistidine, creatinine, and taurine

There were marked differences between the
proton nuclear magnetic resonance spectra of
high-red meat, low-red meat, and vegetarian
diets, which included elevated urinary levels
of creatinine, taurine, carnitine, trimethyl-
amine-N-oxide, and methylhistidine in the high—
red meat group. However, the spectral changes
differentiating the low-red meat and vegetarian
groups were subtle. The urinary metabolite
trimethylamine-N-oxide, a product formed from
carnitine by the bacterial microbiota, was associ-
ated with meat intake, but it is also a biomarker
of fish intake, and may confound the interpreta-
tion of meat consumption patterns (Stella et al.
2006).

In another controlled meat-feeding study,
the urinary excretion of creatinine, taurine,
1-methylhistidine, and 3-methylhistidine was
investigated in individuals who consumed
various amounts of red meat: vegetarian (0 g/
day), low red meat (60 g/day), medium red meat
(120 g/day), and high red meat (420 g/day)
(Cross et al., 2011). All components demon-
strated a significant dose-response relationship,
increasing as red meat intake increased (P,
<0.0001). There were significant differencesin the
mean levels of 1-methylhistidine and 3-methyl-
histidine across the four dietary intake groups
(P < 0.01 and P < 0.05, respectively). However,
taurine and creatinine levels in the vegetarian
and low-red meat intake groups could not be
distinguished (P = 0.95 and P = 0.88, respec-
tively). 3-Methylhistidine and creatinine are
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formed during muscle catabolism, thus lack
specificity for meat intake. 1-Methylhistidine has
also been found in the urine of subjects on a fish
diet (Lloyd et al., 2011). Another study reported
that the mean urinary levels of 1-methylhisti-
dine and 3-methylhistidine did not differ among
131 colorectal adenoma and control subjects
(P = 0.72) (Cross et al., 2014). Thus, methyl-
histidine may not be a good indicator of meat
processing conditions, and the levels of methyl-
histidine present in meat may not correlate to
the levels of procarcinogens formed in cooked or
processed meat.

To date, there are no chemical markers or
metabolites of meat constituents that can provide
information on the methods of meat processing
and cooking that produce carcinogens.

1.5 Regulations and guidelines

In many countries, the production of red
meat and processed meat is subject to stringent
regulations. These regulations are primarily
intended to prevent infectious diseases and
minimize contamination of the meat prod-
ucts. Under the auspices of WHO and FAO, the
Codex Alimentarius was established to provide
international food standards, guidelines, and
codes of practice to protect and promote safety,
quality, and fairness in the international food
trade (Codex Alimentarius, 2015). The scope of
standards issued by the Codex Alimentarius is
illustrative of standards and regulatory meas-
ures typically issued on a national basis for the
maintenance of food safety in relation to meat
products (Table 1.18).

An exhaustive list of all regional and national
food authorities is not provided here, but a
summary of those operating in Europe and the
USA is provided.

EFSA (EESA, 2015) is the EU risk assessment
authority for food and feed safety. For red meat
and processed meat, relevant EFSA panels or units
include animal health and welfare, biological
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Table 1.18 Examples of meat-related food safety standards issued by Codex Alimentarius

Reference Standard Committee Last
modified

CAC/GL 14-1991 Guide for the Microbiological Quality of Spices and Herbs Used in CCPMPP 1991
Processed Meat and Poultry Products

CAC/GL 78-2011 Guidelines for the Control of Campylobacter and Salmonella in Chicken CCFH 2011
Meat

CAC/GL 85-2014 Guidelines for the Control of Taenia saginata in Meat of Domestic Cattle =~ CCFH 2014

CAC/GL 86-2015 Guidelines for the Control of Trichinella spp. in Meat of Suidae CCFH 2015

CAC/GL 87-2016 Guidelines for the Control of Nontyphoidal Salmonella spp. in Beef and CCFH 2016
Pork Meat

CAC/RCP 58-2005 Code of Hygienic Practice for Meat CCMPH 2005

CODEX STAN 89-1981  Standard for Luncheon Meat CCPMPP 2015

CODEX STAN 98-1981  Standard for Cooked Cured Chopped Meat CCPMPP 2015

CCFH, Codex Committee on Food Hygiene; CCMPH, Codex Committee on Meat Hygiene; CCPMPP, Codex Committee on Processed Meat

and Poultry Products
From Codex Alimentarius (2016a)

monitoring, contaminants, and assessment and
methodological support.

In the USA, the relevant statutory authority
for safetyinrelation to meat productsisthe United
States Department of Agriculture (Department
of Agriculture, 2015). The United States Food
and Drug Administration (FDA) is responsible
for regulating chemicals authorized in meat. A
range of guidance documents and regulations
are issued by this administration (FDA, 2015).

1.5.1 Prevention of infectious disease

The broad issues addressed by food safety
regulations have been summarized by Henson &
Caswell (1999), and include new potential food-
borne risks, such as bovine spongiform enceph-
alopathy and genetically modified organisms,
as well as recognized risks posed by well-char-
acterized bacteria. The scientific rationale for
food safety regulations involves risk assessment,
management, and communication.

For meat products, the regulations aim to
decrease contamination by microbial pathogens
(e.g. Listeria monocytogenes, Escherichia coli, and
Salmonella) by minimizing cross-contamination

of other foods and water with enteric pathogens
of animal origin (Sofos, 2008).

Many countries approach food safety, specif-
ically in relation to meat production, through
compliance with hazard analysis and critical
control point (HACCP)-based regulations;
HACKCEP is a safety and quality management tool
(Hudson et al., 1996).

1.5.2 Prevention of contamination

(a) Red meat

Red meat may contain residues from veter-
inary drugs. These compounds are generally
regulated at the national level, but 67 of them
are regulated by international standards (i.e.
maximum residue limits, MRLs) established by
the Codex Alimentarius (2015). There is currently
no international monitoring of the frequency of
use of these chemicals.

Red meat is usually free of additives.
However, in certain circumstances, colours are
used for certification stamps on the surfaces
of fresh cuts of meat, and are indicated in
the food category system with a notation for
“stamping, marking or branding the product”
(Codex Alimentarius, 2016a).
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Red meat may also contain chemicals present
in the environment or used in the production
of feed-like pesticide residues. When there
is sufficient scientific information available
about a chemical, the Joint FAO/WHO Expert
Committee defines its acceptable daily intake
(ADI), whichistheamountof chemical, expressed
based on body weight, that can be ingested over
a lifetime without appreciable health risks. From
the ADI, the Codex Alimentarius Commission
establishes an MRL per kilogram of food that is
recommended as being legally acceptable. The
Codex Alimentarius Commission does not estab-
lish an MRL for a chemical if dietary exposure is
above the ADI. Furthermore, no MRL is estab-
lished if a chemical is assessed to be a genotoxic
carcinogen in humans (Codex Alimentarius,
2015). MRLs have been established by the Codex
Alimentarius for several pesticide residues
possibly occurring in meat (Codex Alimentarius,
2016b). Most of these limits were established at
the limit of detection of the analytical method.

Other chemical contaminants present in the
environment, such as heavy metals or persistent
organic pollutants, may also occur in red meat.
Some of these contaminants are regulated inter-
nationally by the Codex Alimentarius. WHO/
GEMS has collected national monitoring data
on 145 environmental contaminants (WHO
2015b). Moreover, the Codex Alimentarius
has adopted codes of practice to reduce food
and feed contamination by lead (Codex
Alimentarius, 2004), by dioxin and dioxin-like
PCBs (Codex Alimentarius, 2006), and by PAHs
(Codex Alimentarius, 2009).

(b)  Processed meat

National regulationsare in place for processed
meat in many countries around the world, e.g. in
the USA (Office of the Federal Register, 2015). In
Europe, the European Parliamentand the Council
of the EU define a “meat product” in Annex I to
Regulation (EC) No 853/2004. The annex states
that “meat products” means processed products
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resulting from the processing of meat or from the
further processing of such processed products,
so that the cut surface shows that the product
no longer has the characteristics of fresh meat”
(European Commission, 2004).

At the international level, there is currently
no active committee of the Codex Alimentarius
to deal with meat (abolished in 1971) or processed
meat (abolished in 1990), and the international
standards for meat products are established by
horizontal committees (e.g. committees for food
additives, contaminants, or pesticide residues).
In addition to the chemicals possibly present in
meatin general, processed meat may contain food
additives. However, many of these food additives,
such as nitrites (80 mg/kg), colouring agents
such as erythrosine (30 mg/kg), and antioxidants
including butylated hydroxytoluene (100 mg/kg)
are regulated by international standards estab-
lished by the Codex Alimentarius (2016a).
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2. CANCER IN HUMANS

2.1 General issues regarding the

epidemiology of cancer and
consumption of red meat and
processed meat

The association between consumption of red
meat or processed meat and cancer risk has been
examined in numerous studies. In this section,
the Working Group summarized the results
of existing studies. For those studies reporting
on the same study population and published
at different times, the most recent, complete,
or informative publication was included when
possible.

In reviewing and interpreting the available
literature, the Working Group considered the five
following criteria: exposure definition; sample
size and number of exposed cases; study design;
exposure assessment tools; and adjustment for
potential confounding factors described below.

2.1.1 Exposure definition

The Working Group placed the greatest
emphasis on the studies that reported data sepa-
rately for unprocessed red meat (i.e. “red meat”)
or processed meat, and had a clear definition of
what questions or types of meats were included
in the meat variables. For definitions, please see
Section 1 of this Monograph and (a) and (b) below.
Studies that defined total red meat as including
processed meat and studies that reported on “red
meat” (unclear whether unprocessed or total red

meat) were also included in the Working Group
discussion, but were given less weight; the latter
studies were given the least weight for many
cancers (e.g. cancer of the colorectum).

(a) Red meat

Red meat refers to fresh unprocessed
mammalian muscle meat (e.g. beef, veal, pork,
lamb, mutton, horse, or goat meat), which may
be minced or frozen, and is usually consumed
cooked. Studies reporting separate results for
individual red meat subtypes (e.g. beef, pork,
lamb, etc.) and fresh organ meats (offal) were
included as “red meat”. Mammalian offal refers
to the internal organs and entrails of a butchered
animal (scrotum, small intestine, heart, brain,
kidney, liver, thymus, pancreas, testicle, tongue,
tripe, or stomach) consumed as such. The
Working Group considered offal as “red meat”.

(b)  Processed meat

Processed meat refers to any meat that has
been transformed through one or several of the
following processes: salting, curing, fermenta-
tion, smoking, or other processes to enhance
flavour or improve preservation. Most processed
meats are made from pork or beef, but may
also include other meats such as poultry and/or
offal, or meat by-products such as blood. It is
also important to distinguish between industrial
processing and household preparations.
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This Monograph excluded results on poultry, fish,
and seafood; studies of dietary patterns (i.e. clus-
ters of food items grouped by investigators or by
statistical analysis); and results of reported ratios
of red to white meat. Studies with unspecified
meat intake, studies that reported only combined
results for red and white meat, or studies of white
meat were excluded for most cancers, or were
given less weight in the evaluation than others.
In addition, studies that only reported on esti-
mated carcinogens derived from meat, but not
on “red meat” or “processed meat” variables were
excluded.

2.1.2 Sample size and the number of exposed
cases

The sample size and the number of exposed
cases can have an impact on statistical power. As
there was a large number of informative studies,
those with a sample size of fewer than 100 cases
were excluded.

2.1.3 Study design

For cohort studies, prospective cohort studies
and case—control or case—cohort analyses of such
studies were considered. For cancer sites with a
large number of informative studies and with
low case fatality, studies based on mortality data
were excluded or given less weight. These deci-
sions are noted, where relevant, in the sections
for each specific cancer site. For case-control
studies, the selection of hospital-based versus
population-based cases and controls was consid-
ered. Greater emphasis was given during the
evaluation to studies that used population-based
controls, as they were more representative of
the underlying population. For hospital-based
controls, studies that clearly listed the diseases
of the controls were given greater emphasis, as
the inclusion of controls with conditions related
to risk factors for the disease under study may
lead to bias. In particular, if the people selected
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as controls had conditions that could potentially
lead to modifications in their diet, they would be
less representative of the underlying population,
thus leading to biased estimates.

2.1.4 Exposure assessment tools

Greater emphasis was given to studies that
used validated dietary instruments and in-person
interviews compared with non-validated dietary
instruments and mailed, self-administered ques-
tionnaires, respectively. The Working Group
assessed whether the questionnaires were vali-
dated in the population under study, whether the
red or processed meat questions captured most
subtypes of red or processed meats consumed
in that population, and whether there was
detailed assessment of portion size (e.g. use of
pictures and models, in addition to frequency of
consumption).

2.1.5 Adjustment for potential confounding
factors

Studies that appropriately adjusted for
confounding factors were given greater weight.
Studies with insufficient adjustment were either
noted and given less weight, or excluded from
the review, depending on the number of studies
available for a particular cancer site. For each
cancer site, potential confounders for associa-
tions with meat intake are listed.

In general, total energy/caloric intake, phys-
ical activity, and body mass index (BMI) were
considered important confounders; however,
several other factors were considered for specific
cancer sites (e.g. alcohol for cancer of the
colorectum and breast, tobacco smoking for
cancer of the lung and colorectum, etc.).

Total caloric intake is a putative risk factor
for several cancers, and given that red meat and
processed meat are significant contributors to
total caloric intake, appropriate consideration of
this confounder was important. Similarly, given
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the established or putative role of other dietary
and lifestyle factors that may be correlated with
meat intake, the consideration of these factors as
possible confounders was important, depending
on the cancer site (e.g. dietary fibre, BMI, and
physical activity). In particular, it has been
shown that individuals who consume high levels
of processed meat often tend to eat less fruits and
vegetables, to drink more alcoholic beverages, to
smoke more tobacco, to consume more calories
and more fat, and to be more obese and less active
than those who do not consume processed meat
(Fung et al., 2003; Dixon et al., 2004; Kesse et al.,
2006; Nkondjock & Ghadirian 2005).
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2.2 Cancer of the colorectum

2.2.1 Cohort studies

This section includes prospective cohort
studies and case-control studies nested within
prospective studies on the association between
red or processed meat intake and risk of cancer of
the colorectum. The most recent publication of a
cohort study, or the publication with the highest
number of cases in the analysis, was included in
the review. The results of superseded studies were
not detailed.

This evaluation excluded prospective studies
with colorectal cancer mortality, rather than inci-
dence, as the end-point, and study results on the
association between meat intake and colorectal
cancer risk when the definition of meat intake
included poultry and/or fish. Studies on dietary
patterns and studies with fewer than 100 cases in
the analyses were also not included.

The results of the included studies are
presented according to the type of meat inves-
tigated: red meat (i.e. unprocessed red meat),
processed meat, and red meat and processed
meat combined. When studies reported on two
or more of these types of meat, only the data for
red meat and processed meat considered sepa-
rately were treated in detail. A few studies that
reported results only for particular aspects of
meat consumption, such as doneness or type
of meat, are described in this section, but these
studies are not included in the tables. Studies
on gene-exposure interactions are described in
the section of the corresponding meat type, as
are studies on the association between cooking
methods or meat doneness levels and colorectal
cancetr.

As studies with greater precision can be
considered more informative, particularly when
the strength of the association appears to be
weak to moderate, the descriptions of the studies
are ordered for each section by the number of
cases in the analysis, and tables are ordered

chronologically. Other study quality criteria are
indicated in the text when relevant. The study
results most pertinent to the evaluation are
included in the tables. Other findings of interest
are briefly described in the text.

(a) Red meat

Fourteen cohort studies and two cohort
consortia provided informative data on the asso-
ciation between red meat and risk of colorectal
cancer (see Table 2.2.1). A few studies investi-
gated specific types of red meat only. The results
of these studies are described at the end of this
section.

The New York University Women’s Health
Study (NYUWHS) enrolled women aged
34-65 years at mammographic screening clinics
from 1985 to 1991, and followed them up until
1994 through a combination of direct contact
and record linkage to cancer registries. A 70—
food item, modified Block questionnaire was
used to assess diet. Colorectal cancer risk was
not significantly associated with red meat intake.
The relative risk (RR) for the highest compared
with the lowest quartile was 1.23 (95% confi-
dence interval, CI, 0.68-2.22) (Kato et al., 1997).
[The Working Group noted that the amount of
red meat intake was not reported in the publi-
cation, and the study was small (100 cases in the
analysis).]

In a nested case-control study using data
from the Monitoring Project on Cardiovascular
Disease Risk Factors study in the Netherlands
(Tiemersma et al., 2002), 102 incident colorectal
cancer cases were identified during 8.5 years of
follow-up, and a random sample of 537 controls
were matched for sex and age. The odds ratio
(OR) for consumption of red meat > 5 times/week
compared with < 3 times/week was 1.6 (95% CI,
0.9-2.9). In an analysis stratified by sex, a posi-
tive association was observed in men (OR, 2.7;
95% CI, 1.1-6.7; P, .., = 0.06), but not in women
(OR, 1.2; 95% CI, 0.5-2.8; P = 0.64). The
same comparison was statistically significant

trend
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in men and women combined after the exclu-
sion of participants who were younger than age
50 years at the end of the follow-up (RR, 2.0; 95%
CIL, 1.1-3.8; highest vs lowest intake). The rela-
tionship between red meat and colorectal cancer
was not modified by NATI, NAT2, and GSTM1
genotypes. [The Working Group noted that a
limited number of cancer cases were included
in the study, and the assessment of meat intake
was not comprehensive. A major source of meat
intake - a mix of minced pork and beef - in
the Dutch population was missed by the ques-
tionnaire. However, the authors indicated that
meat consumption was estimated by the ques-
tionnaire, with acceptable reproducibility and
validity when compared with a dietary history
method (data were not given in the paper).]

A cohort study in Takayama, Japan,
included 30 221 subjects aged 35 years or older
who completed a general questionnaire and
a 169-food item, validated food frequency
questionnaire (FFQ) at baseline in 1992. Until
2000, 111 cases of colon cancer in men and 102
cases in women were identified through the
medical records of two hospitals in Takayama,
accounting for about 90% of the colon cancer
cases registered in the city cancer registry (Oba
et al., 2006). Red meat intake was unrelated to
colon cancer risk. Multivariate-adjusted relative
risks for the highest compared with the lowest
tertile of intake were 1.03 (95% CI, 0.64-1.66;
P__.=0.86)in men and 0.79 (95% CI, 0.49-1.28;

trend

P ... =0.20) in women. Rectal cancer cases were
notincluded in the analysis. [The Working Group
noted that a limited number of cancer cases were
included in the study, and meat intake was low
compared with meat intake in North American
and European cohorts.]

In a 6-year follow-up of a cohort of
32 051 non-Hispanic, White members of the
Adventist Health Study (AHS) in California,
USA (1976-1982), 157 colon cancer cases were
identified (Singh & Fraser, 1998). The partici-
pants completed at baseline a semiquantitative,
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55-food item dietary questionnaire, in which
six questions were on meat intake. Participants
who consumed beef or pork > 1 time/week
were at increased risk of colon cancer compared
with those who did not consume beef or pork
(RR, 1.90; 95% CI, 1.16-3.11; P,.__, = 0.02). White
meat intake was also positively associated with
colon cancer risk. [The Working Group noted
that out of the 157 colon cancer cases identified,
42 cases were vegetarians and 40 cases were
occasional meat eaters. The association with red
meat remained significant in the analysis strat-
ified by intake of white meat, and the analyses
were adjusted for tobacco smoking and physical
activity. Given the nature of the study population,
and that residual confounding could not be ruled
out, other lifestyle differences for low meat eaters
and vegetarians could at least partially explain
the association observed with both red and white
meats. The exclusion of current or past smokers,
and alcohol consumers did not substantially alter
the association with red meat.]

In the Alpha-Tocopherol, Beta-Carotene
Cancer Prevention (ATBC) Study, a randomized,
double-blind, placebo-controlled trial on the
prevention of incidence of lung cancer in Finnish
male smokers, 185 colorectal cancer cases were
identified during 8 years of follow-up (Pietinen
et al., 1999). Usual diet at baseline was assessed
using a self-administered questionnaire with 276
items,and total red meatwas defined asbeef,lamb,
and pork and processed meat. Colorectal cancer
was not associated with intake of beef, pork, and
lamb (i.e. red meat), specifically; the relative risk
for the highest compared with the lowest quartile
was 0.8 (95% CI, 0.5-1.2; P,_, = 0.74) (Pictinen
etal., 1999). Intake of fried meats (determined by
adding up the frequency of intake of all dishes
where the meat was prepared by frying) was not
related to colorectal cancer risk (RR, 0.9; 95% CI,
0.6-1.3; for 204 vs 60 times/year). [The Working
Group noted that fried meats may have included
fried white meats. No other cooking methods
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were reported. A main limitation of this study
was the low number of cases.]

In the JTowa Women’s Health Study (IWHS),
a study in postmenopausal women, 212 incident
colon cancer cases were identified during 5 years
of follow-up. Diet was assessed using a validated,
127-food item semiquantitative food frequency
questionnaire (SQFFQ). Total red meat was
defined as beef, lamb, or pork, and processed
meat. Consumption of total red meat as defined
was not associated with colon cancer, nor was
consumption of beef, lamb, or pork as a main
dish (RR, 1.21; 95% CI, 0.75-1.96; P, = 0.16;
for > 3 vs < 1 serving/week) (Bostick et al., 1994).
This lack of association was observed in women
with or without a family history of colon cancer
in first-degree relatives (Sellers et al., 1998).

Andersen et al. (2009) conducted a case-
cohort study nested in the Danish Diet, Cancer
and Health cohort study (372 cases, 765 controls),
and reported a null association between intake of
red meat and colorectal cancer risk. [Estimates
were not adjusted for total energy intake, raising
concerns about uncontrolled confounding.
In addition,the Working Group noted that the
study had a short follow-up (5 years), and cases
identified in the first years of follow-up were not
excluded from the analyses.]

In a case-cohort study in the Danish Diet,
Cancer and Health cohort, including 379
colorectal cancer cases and 769 subcohort
members, colorectal cancer was not significantly
associated, although it was slightly increased,
with intake of red meat (RR, 1.03; 95% CI,
0.97-1.09, per 25 g/day) or fried red meat (RR,
1.09; 95% CI, 0.96-1.23, per 25 g/day). A higher
risk was observed in people who reported a
preference for brown-dark pan-fried meat (any
type of meat) compared with light-light brown
meat (RR, 1.36; 95% CI, 1.04-1.77). This risk did
not differ significantly between NATI or NAT2
genotype carriers (P ...cion > 0.4) (Sorensen
et al., 2008). [The Working Group noted that
about 18% of the participants in this cohort were

also included in the Danish component of the
European Prospective Investigation into Cancer
and Nutrition (EPIC).]

In another nested case-control study in the
same cohort, a statistically significant increase
(RR, 3.70; 95% CI, 1.70-8.04) in colorectal cancer
risk per 100 g/day of red meat intake was observed
among carriers of the homozygous variant XPC
Lys939GIn, and no association among carriers of
the wildtype allele was observed (Hansen et al.
2007). None of the other polymorphisms inves-
tigated (XPA A23G, XPD Lys751Gln, and XPD
Asp312Asn) were related to colorectal cancer risk.
[The Working Group noted that results regarding
the association between XPC Lys939Gln and red
meat intake on colorectal cancer risk might have
been a chance finding, as multiple comparisons
were made.]

The Shanghai Women’s Health Study (SWHS)
included 73 224 women aged 40-70 years at
recruitment who completed an FFQ by interview
at the baseline assessment beginning in 1997.
Follow-up was through active surveys and peri-
odic linkage to the Shanghai Cancer Registry.
After a mean follow-up of 7.4 years, 394 inci-
dent cases of colorectal cancer (236 colon, 158
rectum) were identified (Lee et al., 2009). The
risk of colorectal cancer was not related to the
amount of red meat intake. The relative risks for
the highest compared with the lowest quintile
(> 67 g/day and < 24 g/day, respectively) were
0.8 (95% CI, 0.6-1.1; P, = 0.53) for colorectal
cancer, 0.9 (95% CI, 0.6-1.5; P, ., = 0.31) for colon
cancer, and 0.6 (95% CI, 0.3-1.1; P, = 0.79)
for rectal cancer. When intakes of 90 g/day and
100 g/day were instead used as cut-points in a
further analysis, the relative risk estimates for
colorectal cancer were 1.29 (95% CI, 0.88-1.89)
and 1.67 (95% CI, 1.11-2.52), respectively. [The
Working Group noted that the association may
not have been detected in the previous analyses
due to an overall low level of meat consumption.]
In an analysis of cooking methods, the risk of
colon cancer was significantly associated with
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preparing food by smoking (RR, 1.4; 95% CI,
1.1-1.9; for ever vs never), but not with other
cooking methods. [The Working Group noted
that the definition of red meat was not given, but
appeared to be unprocessed pork, beef, and lamb.
Cooking methods were for all animal foods. The
range of meat intake was low in the study.]

In the Melbourne Collaborative Cohort
Study, the relative risk of colorectal cancer for
consuming red meat more than 6.5 times/week
compared with < 3 times/week was 1.4 (95% CI,
1.0-1.9; P4 = 0.2; 451 cases). Red meat was
defined as veal, beef, lamb, pork, and rabbit or
other game. The association was mainly driven
by a positive association with rectal cancer (RR
for the same comparison, 2.3; 95% CI, 1.2-4.2;
P . =0.07; 169 cases). The relative risk for colon
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cancer was 1.1 (95% CI, 0.7-1.6; P, , = 0.9; 283
cases) (English et al., 2004). In analyses with
continuous variables for meat consumption, the
relative risks for an increase of 1 time/week were
1.0 (95% CI, 0.94-1.07) for the colon and 1.08
(95% CI, 0.99-1.16) for the rectum.

Inthe Swedish Mammography Cohort (SMC),
733 incident cases of colorectal cancer were
identified after completion of a 67-item, self-ad-
ministered dietary questionnaire at baseline in
1987-1990. Consumption of unprocessed beef
and pork was associated with almost a twofold
risk of distal colon cancer for > 4 servings/week,
whereas there was no apparent association with
risk of proximal colon or rectal cancers (Larsson
et al., 2005a). The relative risks for consumption
of beef and pork > 4 times/week compared with
< 2 times/week were 1.22 (95% CI, 0.98-1.53) for
colorectal cancer, 1.10 (95% CI, 0.74-1.64) for
proximal colon cancer (234 cases), 1.99 (95% CI,
1.26-3.14; P, , = 0.01) for distal colon cancer
(155 cases), and 1.08 (95% CI, 0.72-1.62) for rectal
cancer (230 cases), respectively. [The Working
Group noted that case ascertainment was virtu-
ally complete, and the analyses were controlled
for main potential confounders.]
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Singaporean Chinese aged 45-74 years who
resided in government-built housing estates were
enrolled in a prospective study in 1993-1998. At
baseline, a 165-item quantitative FFQ, developed
for and validated in this population, was admin-
istered to assess usual diet over the past year.
After an average follow-up duration of nearly
10years, 941 incident colorectal cancer cases were
identified through record linkage to the popula-
tion-based Singapore Cancer Registry (Butler et
al., 2008 b). The adjusted hazard ratio (HR) for
the highest compared with the lowest quartile
of red meat intake was 1.01 (95% CI, 0.82-1.26;
P._. .= 0.6). [The Working Group noted that the
usual diet was mainly composed of mixed dishes.
Red meat appeared to be unprocessed, but the
definition was not given in the paper. The cut-oft
points of the quartiles were not given, and the
95th percentile of red meat intake in non-cases
was 76 g/day.]

The EPIC study identified 1329 colorectal
cancer cases during a mean follow-up of
4.8 years. Red meat included all fresh, minced,
and frozen beef, veal, pork, and lamb. In the
EPIC study (Norat et al., 2005), the relative risk
for colorectal cancer was 1.17 (95% CI, 0.92-1.49;
P4 = 0.08) for an intake of red meat > 80 g/
day compared with < 10 g/day. A significant
association (RR, 1.21; 95% CI, 1.02-1.43, per
100 g/day; P, ., = 0.03) was observed when red
meat was expressed as a continuous increment.
The association with red meat was strength-
ened, but not significant, after calibration using
24-hour recall data. The calibrated relative risk
for colorectal cancer per 100-g increment was
1.49 (95% CI, 0.91-2.43). The associations were
similar for cancers of the colon and rectum, and
of the proximal and distal colon. Analysis of
specific meat types showed significant positive
trends for intake of pork (highest vs lowest intake
RR, 1.18; 95% CI, 0.95-0.48; P, = 0.02) and
lamb (HR, 1.22; 95% CI, 0.96-1.55; P,__, = 0.03),
but not for intake of beef/veal (HR, 1.03; 95% CI,
0.86-1.24; P, ,=0.76). When mutually adjusted,
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only the trend for pork remained significant.
[The Working Group noted that the strengths
of the study were that participants were from
10 European countries with different dietary
habits, and detailed validated dietary question-
naires were used. Dietary data were also cali-
brated using 24-hour recall in a subset of the
population to partially correct the relative risk
estimates for dietary measurement error. This
study investigated red meat, processed meat,
and specific meat types in relation to colorectal
cancer risk. Follow-up was virtually complete,
and the analyses were adjusted for main poten-
tial confounders. A potential limitation of the
study was that different dietary questionnaires
were used in the centres; however, the associa-
tions were strengthened after calibration of the
dietary data, and no heterogeneity across centres
was detected.]

The Nurses’ Health Study (NHS) and the
Health Professionals Follow-Up Study (HPES)
were among the first American cohorts to inves-
tigate the association between red and processed
meat and colon cancer risk. The NHS included
female, married nurses aged 30-55 years, and
diet was assessed by a validated, 61-item SQFFQ.
Self-reported cases were validated by medical or
pathology records. The HPFS included men aged
40-75 years, and diet was assessed by a self-ad-
ministered FFQ. Both studies had repeated
measures of diet during follow-up (NHS, from
1980 to 2010; HPES, from 1986 to 2010). Early
reports from these cohorts, which included a
small number of cases, showed significant posi-
tive associations between red and processed
meat and colon cancer (age- and energy-ad-
justed) (Willett et al., 1990; Giovannucci et al.,
1994). Several papers on the cohorts have since
been published (Wei et al., 2004, 2009; Fung
et al., 2010; Zhang et al., 2011; Bernstein et al.,
2015), generally showing no association between
beef, pork, or lamb as a main dish and colorectal
cancer risk (Wei et al., 2004; Fung et al., 2010;
Bernstein et al., 2015).

In the most recent analysis of the NHS and
the HPFS (Bernstein et al., 2015), which included
2731 colorectal cancer cases (1151 proximal colon,
816 distal colon, and 589 rectum), the cumulative
average intake of unprocessed red meat was not
associated with colorectal cancer risk (RR per
1 serving/day increase, 0.99; 95% CI, 0.87-1.13;
P... = 0.88). The results were similar when
analysed in grams of intake. When analysed
by tumour location, red meat consumption was
inversely associated with risk of distal colon
cancer (RR per 1 serving/day increase, 0.75; 95%
CIL, 0.68-0.82; P, , < 0.001); a weak, non-signifi-
cant positive association was observed with prox-
imal colon cancer (RR, 1.14; 95% CI, 0.92-1.40;
P,.... = 0.22)., and no association was observed
with rectal cancer (RR, 1.14; 95% CI, 0.86-1.51;
P = 0.37). The inverse associations with distal
colon cancer were primarily seen after adjust-
ment for specific nutrients, including fibre, folate,
and calcium in men and calcium in women. [The
Working Group noted that the analyses took into
accountlong-term exposure and several potential
risk factors simultaneously. Multiple sensitivity
and effect modification analyses were conducted,
and the results were robust.]

In a previous nested case—control study of
183 colorectal cancer cases and 443 controls
enrolled in the NHS, women with the NAT2 rapid
acetylator genotype who consumed > 0.5 serv-
ings/day of beef, pork, or lamb as a main dish had
an increased risk of colon cancer compared with
women who consumed less red meat (OR, 3.01;
95% CI, 1.10-8.18). No association was observed
in slow acetylators (multivariate OR, 0.87; 95%
CL, 0.35-2.17; P, .raction = 0.07) or in all women
(OR, 1.21; 95% CI, 0.85-1.72) (Chan et al., 2005).
[The Working Group noted that this study was
large. Diet was estimated from repeated ques-
tionnaires, and there was a detailed selection of
potential confounders.]

The Multiethnic Cohort Study identified
3404 incident cases of colorectal cancer up to
2007 among a sample of African Americans,
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Japanese Americans, Latinos, native Hawaiians,
and Whites aged 45-75 years living in Hawaii
and California, USA (Nothlings et al., 2009;
Ollberding et al., 2012). Red meat intake was not
associated with colorectal cancer risk. The rela-
tive risk for the highest compared with the lowest
quintile (34.86 and 4.59 g/1000 kcal, respec-
tively) was 0.98 (95% CI, 0.87-1.10; P,.__, = 0.58).
For all types of meats considered together, the
risk did not vary by doneness preference (cooked
until dark brown or well done) or cooking
method preference (pan-fried, oven-broiled, or
grilled/barbecued); data were not reported by
the authors. [The Working Group noted that
this was a large study that sampled people from
different ethnic groups for better generalizability
of results. There was a strong attenuation of the
effect estimates after multivariable adjustment.]

In a nested case-control in the United
Kingdom Dietary Cohort Consortium, based
on seven cohort studies in the United Kingdom
(Spencer et al., 2010), diet was assessed using 4-,
5-, or 7-day food diaries. Red meat was defined
as including beef, pork, lamb, and meat from
burgers, and other non-processed meat items
made with these meats. Red meat intake was
not related to risk of colorectal cancer (579
cases). The relative risk estimate for an increase
in intake of 50 g of red meat was 1.01 (95% CI,
0.84-1.22) for colorectal cancer. Similar relative
risks were observed for colon and rectal cancers.
[The Working Group noted that meat intake was
relatively low in the overall consortium, as many
participants were either vegetarians or low meat
eaters. The use of food diaries may also haveled to
overestimation of the number of non-consumers
of infrequently consumed food items.]

In a pooled analysis of the Genetics and
Epidemiology of Colorectal Cancer Consortium
(GECCO) and the Colon Cancer Family Registry
(CCFR) (Kantor et al., 2014), which included
9160 cases of colorectal cancer and 9280 controls,
the pooled relative risk estimate for colorectal
cancer for each serving per day increase in intake
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of red meat was 1.33 (95% CI, 1.23-1.44) for all
studies combined. The purpose of the study was
to investigate gene-environment interactions,
and the estimates of associations reported were
controlled only for age, sex, and study centre. In
another paper based on the same pooled study,
Figueiredo et al. (2014) reported a relative risk of
1.23 (95% CI, 1.12-1.34) for red meat consump-
tion above versus below the median and a rela-
tive risk of 1.15 per quartile of intake. In another
publication based on GECCO and the CCFR that
included data from case—control studies nested
in five cohorts, red meat consumption was related
to colorectal cancer risk only from retrospective
case—control studies. The pooled odds ratio from
four retrospective case—control studies was 1.75
(95% CI, 1.55-1.98). The relationship was not
modified by NAT2 enzyme activity (based on
polymorphism at rs1495741) (Ananthakrishnan
et al., 2015). No interaction involving any gene
and red meat was detected in a genome-wide
diet-gene interaction analysis in GECCO or in
a study on colorectal cancer susceptibility loci
(Hutter et al., 2012). [The exact definition of red
meat was not given in these studies.]

Five additional cohort studies did not inves-
tigate the overall association between colorectal
cancer risk and red meat consumption, but did
evaluate associations with specific red meat items
(data not reported in Table).

In a prospective study conducted by the
Norwegian National Health Screening Service
(143 cases of colon cancer) among Norwegian
men and women aged 20-54 years between 1977
and 1983 (Gaard et al., 1996), consumption of
meatballs, meat stews, and fried or roasted meats
was unrelated to colon cancer risk. [The Working
Group noted that the analyses were only for
specific red meat types and adjusted only for age.]

In the Women’s Health Study (WHS), a rand-
omized trial in the USA of low-dose aspirin and
vitamin E in the primary prevention of cancer
and cardiovascular disease, diet was assessed
at study baseline using a 131-item FFQ that was
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previously validated in the NHS. Two hundred
and two incident colorectal cancer cases were
identified during 8.7 years of follow-up. The
definition of red meat included hot dogs, bacon,
and other processed meats. Data for consuming
unprocessed red meat were limited to beef
or lamb as a main dish and were stratified by
cooking method. In comparison with beef or
lamb cooked rare or medium-rare, the relative
risks were 0.73 (95% CI, 0.47-1.11) for medium
doneness, 1.02 (95% CI, 0.68-1.52) for medium
well-done meat and 0.94 (95% CI, 0.63-1.41) for
well-done meat (P, , = 0.83) (Lin et al., 2004).
Meat doneness was available only for beef or
lamb as a main dish. This study also reported
a positive association between white meats and
colorectal cancer.]

In a case—cohort analysis including 448 colon
and 160 rectal cancer cases and a subcohort of
2948 participants in the Netherlands Cohort
Study (NLCS), intake of beef, pork, minced meat,
orliver was notsignificantlyassociated with colon
or rectal cancer risk, although a positive associa-
tion was suggested for beef and colon cancer (RR
for highest vs lowest category of beef intake, 1.28;
95% CI, 0.96-1.72; P, ., = 0.06) (Brink et al.
2005). In another analysis (434 colon cancer
cases, 154 rectal cancer cases) (Liichtenborg
et al., 2005), beef consumption was associated
with an increased risk of colon tumours without
a truncating APC somatic mutation. The inci-
dence rate ratio for the highest versus the lowest
quartile of intake was 1.58 (95% CI, 1.10-2.25;
P_..,=0.01). [The Working Group noted that the
follow-up period was short, and cases diagnosed
in the first years of follow-up were excluded.]

A recent full cohort analysis of the
Netherlands Cohort Study - Meat Investigation
Cohort (NLCS-MIC), with all individuals
reporting to be vegetarian or to consume meat
only 1 day/week, was conducted with 20.3 years
of follow-up (Gilsing et al., 2015). For red meat,
defined as fresh meat without chicken, no clear
association was observed with colon or rectal
cancer.

In a cohort study in Japan, 47 605 residents
aged 40-64 years from the Miyagi Prefecture
completed a self-administered, 40-item FFQ in
1990. Four hundred and seventy-four colorectal
cancer cases were identified after an average
follow-up of 11 years through linkage to the
Miyagi Prefectural Cancer Registry. Relative
risk estimates for the highest compared with
the lowest intake were 0.93 (95% CI, 0.67-1.30;
P, ...=0.63) for beef and 1.13 (95% CI, 0.79-1.74;

trend

P,...=0.31) for pork intake. No associations were
observed with risk of cancers of the colon, prox-
imal or distal colon, and rectum (Sato etal., 2006).
[The Working Group noted that the number
of categories in the questionnaire was low, and
there was low variability in meat intake. The
median intake in the top category was 7.4 g/week
for beefand 26.3 g/week for pork (excluding ham
and sausage). Beef and pork combined was not
investigated.]

In the Japan Public Health Center-based
Prospective Study (JPHC Study), men and
women completed a self-administered question-
naire in 1995-1999 at age 45-74 years (Takachi
et al., 2011), and 1145 cases of colorectal cancer
were identified until the end of 2006. The cate-
gory of red meat was defined as including
processed products and chicken liver. In women,
a significant association between beef intake and
colon cancer was observed (RR for fifth vs first
quintile, 1.62; 95% CI, 1.12-2.34; P, , = 0.04),
and a non-significant association was observed
for pork (RR for fifth vs first quintile, 1.42; 95%
CL 0.99-2.04; P, , = 0.05) (Takachi et al., 2011).
No significant association between beef or pork
intake and colon or rectal cancer was observed in
men. [The Working Group noted that although
red and processed meat consumption was lower
in this cohort than in cohorts from Western
countries, there was a sevenfold difference in the
median intakes of the lowest and highest quin-
tiles. Total consumption of red meat was not

investigated.]
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(b)  Processed meat

Associations between colorectal cancer and
consumption of processed meat have been exam-
ined in 18 informative cohort studies and two
pooled analyses (see Table 2.2.2); some of these
studies also reported data for red meat.

Intake of processed meat (ham and sausages)
was not related to colorectal cancer risk in the
NYUWHS (Kato et al., 1997). The relative risk
for the highest compared with the lowest quar-
tile was 1.09 (95% CI, 0.59-2.02; P, = 0.735;
100 cases). [The Working Group noted that this
study had a small sample size. The analyses were
adjusted only for energy intake, age, place, and
education level.]

Colorectal cancer was not associated with
intake of processed meat in the ATBC Study in
Finnish male smokers (185 cases) (Pietinen et al.
1999). The relative risk for the highest compared
with the lowest quartile (medians, 122 g/day and
26 g/day, respectively) was 1.2 (95% CI, 0.7-1.8;
P .., =0.78). [The Working Group noted that a
main limitation of this study was the low number
of cases.]

In the WHS, processed meat intake was
inversely, although not significantly, associated
with colorectal cancer in the analysis including
202 cases (Lin et al., 2004). The relative risk for
the highest compared with the lowest quin-
tile was 0.85 (95% CI, 0.53-1.35; P, = 0.25;
medians of the quintiles, 0.5 servings/day and
0 servings/day, respectively). Processed meat was
defined as hot dogs, bacon, and other processed
meats. [The Working Group noted that this
study reported an inverse non-significant asso-
ciation between total red meat and colorectal
cancer, and positive associations between white
meat and colorectal cancer, in contrast with the
results of other cohort studies.]

In the IWHS cohort (Bostick et al., 1994),
whichincluded 212 cases, the relative risk of colon
cancer for consumption of > 3 servings/week of
processed meat compared with none was 1.51
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(95% CI, 0.72-3.17; P, ., = 0.45). In the same
cohort, nitrate-treated meats were not related to
colon cancer in women with or without a family
history of colon cancer in first-degree relatives
(Sellers et al., 1998). [The Working Group noted
that this study had a small sample size, follow-up
was 5 years, and cases identified in the first years
of follow-up were not excluded from the analyses.]

In a community-based prospective study in
Takayama,Japan,including213 casesofcolorectal
cancer, there was a twofold, significant increased
risk of colon cancer only in men who consumed
a higher intake of processed meats (Oba et al.
2006). The relative risks for the highest compared
with the lowest tertile of intake were 1.98 (95%
CI, 1.24-3.16; P, .4 < 0.01) in men and 0.85 (95%
CL, 0.50-1.43; P, ., = 0.62) in women. Processed
meat was defined as ham, sausage, bacon, and
yakibuta (Chinese-style roasted pork). The
results did not change after the exclusion of cases
diagnosed in the first 3 years of follow-up.

Processed meat intake was associated with
colorectal cancer in the Melbourne Collaborative
Cohort Study (451 cases) (English et al., 2004).
The relative risks were 1.5 (95% CI, 1.1-2.0;
P_.., = 0.01) for the highest compared with the
lowest intake and 1.07 (95% CI, 1.01-1.13) for
an increase of 1 serving/week. Processed meat
intake was more strongly associated with risk of
rectal cancer than with risk of colon cancer in
a categorical analysis. The relative risks for the
highest compared with the lowest quartile were
1.3 (95% CI, 0.9-1.9) for the colon and 2.0 (95%
CI, 1.1-3.4) for the rectum. The hazard ratios for
each additional serving per week were similar;
the hazard ratios were 1.07 (95% CI, 1.00-1.14)
and 1.08 (95% CI, 0.99-1.18) for the colon and
rectum, respectively (P = 0.8, test of homogeneity
of trends).

In the Breast Cancer Detection Demonstr-
ation Project (BCDDP) in the USA (467 cases),
women completed a 62-item National Cancer
Institute (NCI)/Block FFQ. The Block FFQ

defined processed meatasbacon,ham,lunchmeat,
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hot dogs, and sausage (Flood et al., 2003). The
relative risk for the highest compared with the
lowest quintile of processed meat intake was 0.97
(95% CI, 0.73-1.28; P, , = 0.35; medians of the
quintiles, 22.2 and 0.02 g/1000 kcal, respectively)
after adjustment for age, energy, and total meat
consumption. The inclusion of several other vari-
ables, including smoking, alcohol drinking, and
BM]I, did not materially change the estimates and
were not kept in the final models. [The Working
Group noted that colorectal cancer diagnosis was
self-reported in most cases. Pathology reports
were obtained for 79% of these cases, and the
diagnosis confirmed in 94% of them, suggesting
that case identification was not an issue.]

In the Miyagi Cohort Study in Japan,
processed meat consumption was not related
to risk of colorectal cancer (colorectum, colon,
proximal colon, and distal colon and rectum);
the analysis included 474 incident colorectal
cancer cases (Sato et al., 2006). The relative risk
for the highest compared with the lowest quar-
tile was 0.91 (95% CI, 0.61-1.35; P,._., = 0.99). No
associations were observed for cancers of the
colon, rectum, or proximal and distal colon. [The
Working Group noted that the number of cate-
gories in the questionnaires was low, and there
was low variability in meat intake due to low
frequency of consumption of some meat items.]

In the Danish Diet, Cancer and Health study
(18% of the cases were included in the Danish
component of the EPIC study), the relative risks
per 25 g/day increase in intake of processed
meats were 1.03 (95% CI, 0.94-1.13; 644 cases)
for the colon and 0.93 (95% CI, 0.81-1.07; 345
cases) for the rectum (Egeberg et al., 2013). No
significant associations were observed with
intakes of sausages, cold cuts, or liver paté. In
addition, associations were not modified by four
polymorphisms (XPA A23G, XPC Lys939Gln,
XPD Lys751Gln, and XPD Asp312Asn) of
enzymes involved in the nucleotide excision
repair pathway in a case-control study nested
in the cohort (405 colorectal cancer cases, 810

controls) (Hansen et al., 2007). Another analysis
of 379 colorectal cancer cases and 769 subcohort
members showed no association with consump-
tion of processed meat when stratified by NAT1I
or NAT2 genotypes (Sorensen et al., 2008).

In the SMC (Larsson et al., 2005a), processed
meat intake was not related to risk of colorectal
cancer or colorectal cancer subsites. The relative
risk estimates for the highest compared with
the lowest quartile of intake were 1.07 (95% CI,
0.85-1.33; P, = 0.23) for the colorectum (733
cases), 1.02 (95% CI, 0.69-1.52; P, = 0.97) for
the proximal colon (234 cases), 1.39 (95% CI,
0.86-2.24; P.. = 0.20) for the distal colon (155

trend

cases), and 0.90 (95% CI, 0.60-1.34; P, ., = 0.88)
for the rectum (230 cases). [The Working Group
noted that the dietary questionnaire had 67 food
items. Follow-up was long (13.9 years on average),
and changes in dietary habits during follow-up
were not taken into account. Case ascertainment
was virtually complete, and the analyses were
controlled for main potential confounders.]

In the Singapore Chinese Health Study
(SCHS) (Butler et al., 2008b), the relative risk
for the highest compared with the lowest quar-
tile of processed meat intake was 1.16 (95% CI,
0.95-1.41; 941 incident colorectal cancer cases
after an average follow-up of 10 years). Types of
processed meats were not defined. [The Working
Group noted that the cut-points of the quartiles
were not given, and processed meat intake was
low (the 95th percentile of processed meat intake
in non-cases was 10 g/day).]

In the JPHC Study (Takachi et al., 2011) (1145
cases of cancer of the colorectum), processed meat
included ham, sausage or wiener sausage, bacon,
and luncheon meat. The relative risks of colon
cancer for the highest compared with the lowest
quintile were 1.27 (95% CI, 0.95-1.71; P, ,= 0.10)

trend

in men and 1.19 (95% CI, 0.82-1.74; P, , = 0.64)
in women. Similar results were observed for
proximal and distal colon cancers. The relative
risk for rectal cancer was 0.70 (95% CI, 0.45-1.09;

P . =0.10) in men and 0.98 (95% CI, 0.53-1.79;

trend —
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P, = 1.00) in women. [The Working Group
noted that the range of processed meat intake
was low. The median intake in the top quintile
was 16 g/day in men and 15 g/day in women.]

In the European EPIC study (1329 incident
colorectal cancer cases), processed meatsincluded
mostly pork and beef preserved by methods other
than freezing, such as salting (with and without
nitrites), smoking, marinating, air-drying,
or heating (i.e. ham, bacon, sausages, blood
sausages, meat cuts, liver paté, salami, bologna,
tinned meat, luncheon meat, corned beef, and
others). The relative risk of colorectal cancer
for an intake of > 80 g/day of processed meat
compared with < 10 g/day of processed meat was
1.42 (95% CI, 1.09-1.86; P, ., = 0.02) (Norat et al.
2005). The relative risk for an increase in intake
of 100 g/day of processed meat was 1.32 (95% CI,
1.07-1.63; P, = 0.009). This was strengthened
to 1.70 (95% ClI, 1.05-2.76; P, .., = 0.03) after cali-
bration using 24-hour recall data from a subset
of the study population. The relative risks for the
highest versus the lowest quintile were 1.62 (95%
CIL, 1.04-2.50), 1.48 (95% CI, 0.87-2.53), and 1.19
(95% CI, 0.70-2.01) for rectal, distal, and prox-
imal colon cancer, respectively. No significant
differences across cancer sites were observed
(Ppeterogenciy = 0.87). Intake of ham (RR for
highest vs lowest intake, 1.12; 95% CI, 0.90-1.37;
P,..,=0.44), bacon (HR, 0.96; 95% CI, 0.79-1.17;
P._...=0.34), and other types of processed meats
(HR, 1.05; 95% CI, 0.84-1.32; P,_, = 0.22) was
not significantly related to colorectal cancer risk.
[This was a large study in 10 European coun-
tries that used extensive dietary questionnaires.
Follow-up is virtually complete, and the analyses
were adjusted for main potential confounders.]
In a substudy of the EPIC-Norfolk study, higher
consumption of processed meat was associ-
ated with an increased risk of colorectal cancer
harbouring a truncating APC mutation and, in
particular, rectal tumours with GC>AT transi-
tions compared with colorectal cancer without
mutations (OR for increment of 19 g/day, 1.68;

95% CI, 1.03-2.75) (Gay et al., 2012).
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A case—cohort analysis of the Netherlands
Cohort Study (NLCS) included 1535 incident
colorectal cancer cases identified after 9.3 years
of follow-up through linkage to the Netherlands
Cancer Registry (Balder et al., 2006). The rela-
tive risks for processed meats (meat items mostly
cured, and sometimes smoked or fermented) and
colorectal cancer (RR for highest vs lowest quar-
tile) were 1.18 (95% CI, 0.84-1.64; P, = 0.25) in
men and 1.05 (95% CI, 0.74-1.48; P, = 0.62) in
women. No associations were observed for colon
or rectal cancer in men or women. In another
analysis in the same cohort, consumption of
meat products (same definition as for processed
meats) was significantly positively associated
with risk of colon tumours with a wildtype K-ras
gene (RR for highest vs lowest quartile of intake,
1.42; 95% CI, 1.00-2.03; P, = 0.03) (Brink
et al., 2005) and APC-positive colon cancer (RR
for highest vs lowest quartile of intake, 1.61;
95% CI, 0.96-2.71; P, = 0.04) (Liichtenborg
et al., 2005), but not with other types of colon
or rectal tumours. These analyses included more
than 430 colon and 150 rectal cancers occurring
during 7.3 years of follow-up, excluding the first
2.3 years, and 2948 subcohort members. An
analysis of the MIC embedded within the NLCS,
which included individuals reporting to be vege-
tarian or to consume meat only 1 day/week, was
conducted with 20.3 years of follow-up (Gilsing
et al., 2015). For processed meat, a statistically
significant association with rectal cancer was
observed (RR, 1.36 for every 25 g/day of intake;
95% CI, 1.01-1.81; P, ., = 0.008). No significant
association was observed with colon cancer,
although a positive association with distal colon
cancer was suggested.

The Cancer Prevention Study II (CPS-II)
Nutrition Survey enrolled men and women
in the USA who completed a mailed FFQ in
1992-1993 (1667 incident colorectal cancer
cases) (Chao et al., 2005). The relative risk
for the highest quintile compared with the
lowest quintile of processed meat intake was
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1.13 (95% CI, 0.91-1.41; P, , = 0.02) in women
and men combined. A significant trend was
observed in men (P, , = 0.03), but not in women
(P,.ena = 0.48). No significant associations were
observed with proximal or distal colon cancer,
and rectal cancer, although the relative risk esti-
mates were higher for distal and rectal tumours.
When long-term consumption of processed meat
was considered, based on consumption reported
in 1982 and at baseline in 1992-1993, partici-
pants in the highest tertile of consumption had
an increased risk of distal colon cancer (RR, 1.50;
95% CI, 1.04-2.17). A non-significant 14% and
21% increased risk of cancers of the proximal
colon, and rectosigmoid junction and rectum
were observed. [The Working Group noted that
the 1982 questionnaire did not assess the number
of servings per day, and could not differentiate
people who ate multiple servings from those who
ate processed meat only once per day. It was also
not possible to estimate total energy intake from
the 1982 dietary questionnaire.]

In the NHS and the HPFS (Bernstein et al.,
2015), using cumulative dietary intake data, the
relative risk of colorectal cancer per 1 serving/day
increment of processed meat was 1.15 (95% CI,
1.01-1.32; P, , = 0.03), and it was 1.08 (95% ClI,

trend —

0.98-1.18; P, . , = 0.13) when diet, as assessed at
baseline, was analysed. Using cumulative dietary
intake data, the relative risks were 0.99 (95%
CL 0.79-1.24) for proximal colon cancer (1151
cases), 1.36 (95% CI, 1.09-1.69; P, = 0.006)
for distal colon cancer (817 cases), and 1.18 (95%
CI, 0.89-1.57) for rectal cancer (589 cases). [The
analyses were extensively adjusted for potential
risk factors. The use of repeated questionnaires
should have reduced dietary measurement error.
Several sensitivity and stratified analyses showed
the robustness of the results.] In an earlier
nested case-control in the NHS including 197

cases identified by the year 2000 (Tranah et al.,

of bacon (OR, 0.94; 95% CI, 0.56-1.58), or
> 1 hot dog/week (OR, 1.06; 95% CI, 0.68-1.65).
Compared with infrequent consumption of these
items, no association with all types of processed
meats combined was observed. There was no
significant interaction on a multiplicative scale
between the MGMT genotype and intake of
processed meat, bacon, and hot dogs in women.
In the Multiethnic Cohort Study, the relative
risk of colorectal cancer (n= 3404 cases) for the
highest compared with the lowest quintile of
processed meatintake was 1.06 (95% CI,0.94-1.19;
P,...=0.259) (Ollberding et al., 2012). Relative to
the significant association that was observed in
models adjusted only for age, ethnicity, and sex
(HR, 1.25; 95% CI, 1.12-1.40; P < 0.001), this rela-
tive risk was attenuated after further adjustment
for family history of colorectal cancer, history of
colorectal polyps, BMI, pack-years of cigarette
smoking, nonsteroidal anti-inflammatory drug
use, alcohol consumption, vigorous physical
activity, history of diabetes, hormone replace-
ment therapy use (women only), total calories,
and dietary fibre, calcium, folate, and vitamin D.
[The main strengths of this study were its large
size, the ethnic diversity of the study population,
and the population-based sampling frame that
was used, which allowed for better generaliz-
ability of the study results. As indicated in the
section on red meats, the Working Group noted
that there was a strong attenuation of the associ-
ation estimates after multivariable adjustment.]
The National Institutes of Health - American
Association of Retired Persons (NIH-A ARP) Diet
and Health Study was based on a cohort of over
500 000 men and women from eight states in the
USA, aged 50-71 years at baseline (1995-1996),
who completed a validated, 124-item FFQ. In an
analysis of 5107 colorectal cancer cases, identified
on average during 8.2 years of follow-up (Cross
et al., 2007), processed meat consumption was

2006), colorectal cancer risk was not related to
consumption of > 1 slice/week of processed meat
(OR, 1.06; 95% CI, 0.73-1.55), > 2 pieces/week

significantly related to colorectal cancer risk. The
relative risk for the fifth compared with the first
quintile of intake was 1.20 (95% CI, 1.09-1.32;
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P, .4 < 0.001). The relative risks were similar for
colon cancer and rectal cancer. Similar results
were observed in another study in the same
cohort that explored the mechanisms relating
colorectal cancer and meat intake (Cross et al.
2010). The overall relative risk for the association
between colorectal cancer and processed meat
intake was 1.16 (95% CI, 1.01-1.32; P__, = 0.017)
for the highest compared with the lowest quin-
tile. For colon and rectal cancer separately, the
relative risks for the same comparison were 1.11
(95% CI, 0.95-1.29) and 1.30 (95% CI, 1.00-1.68),
respectively. Nitrate and nitrite intake from
processed meats was estimated using a data-
base containing measured values of nitrate and
nitrite from 10 types of processed meats. The
relative risk of colorectal cancer for the highest
compared with the lowest quintile of intake of
nitrate from processed meat was 1.16 (95% CI,
1.02-1.32; P, , = 0.001; medians of the quintiles,
289.2 pg/1000 kcal per day and 23.9 ug/1000
kcal per day, respectively). The association with
nitrite from processed meat did not attain statis-
tical significance (RR for highest vs lowest quin-
tile, 1.11;95% CI, 0.97-1.25; P, ;= 0.055; medians
of the quintiles, 194.1 pg/1000 kcal per day and
11.9 ug/1000 kcal per day, respectively). In a lag
analysis excluding the first 2 years of follow-up
(1941 colorectal cancer cases), the association
between processed meat intake and colorectal
cancer remained significant (HR, 1.19, 95% CI,
1.02-1.39, P,.., = 0.013). Participants in the
NIH-AARP study also completed a 37-item FFQ
about diet 10 years before baseline. Participants
in the highest intake category of processed meat
10 years before baseline had a higher risk of
cancer of the colon (RR, 1.30; 95% CI, 1.13-1.51;
P._.4 < 0.01) and rectum (RR, 1.40; 95% CI,
1.09-1.81; P, , = 0.02) than participants in the
lower intake category (Ruder et al., 2011). [The
Working Group noted that the questionnaire to
assess diet 10 years before baseline was not vali-
dated, and did not allow for estimation of total

energy intake.]
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In the United Kingdom Dietary Cohort
Consortium (Spencer etal., 2010), processed meat
was assessed as ham, bacon, the meat component
of sausages, and other items made with processed
meat. For a 50 g/day increase in consumption
of processed meat, the odds ratio for colorectal
cancer was 0.88 (95% CI, 0.68-1.15). The odds
ratios for colon and rectal cancer separately were
also non-significantly different from unity.

In a pooled analysis of the GECCO study
(Kantor et al., 2014), the pooled relative risk
of colorectal cancer for each serving per day
increase in intake of processed meats was 1.48
(95% CI, 1.30-1.70) for all studies combined. [The
main strength of the study was the large number
of casesincluded in the analysis.] In genome-wide
diet-gene interaction analyses in GECCO, which
included five retrospective case—control studies
and fivecase-controlstudiesnestedin prospective
studies, there was a positive interaction between
rs4143094 (10pl4/near GATA3) and processed
meat consumption (OR, 1.17; 95% CI, 1.11-1.23;
P = 8.7E-09), which was consistently observed
across studies (P erogenciy = 0-78) (Figueiredo
et al., 2014). The risk of colorectal cancer associ-
ated with processed meat was increased among
individuals with the rs4143094-TG (OR, 1.20;
95% CI, 1.13-1.26) and -TT genotypes (OR, 1.39;
95% CI, 1.22-1.59), and null among those with
the -GG genotype (OR, 1.03; 95% CI, 0.98-1.07).
In another study in GECCO on gene-environ-
ment interactions and colorectal cancer suscep-
tibility loci, no interaction with processed meat
was detected (all studies combined) (Hutter et al.
2012).

In the prospective study conducted by the
Norwegian National Health Screening Service
(Gaard et al., 1996), colon cancer risk was higher
in women who consumed fried or poached
sausages as their main meal > 5 times/month
compared with those who reported a consump-
tion of < 1 time/month (RR, 3.50; 95% CI,
1.02-11.9; P = 0.03). Among men, a similar,

trend

but not significant, association was observed
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(RR, 1.98; 95% CI, 0.70-5.58; P, = 0.35). [The
Working Group noted that only specific types of
processed meats were investigated. The analyses
were only adjusted for age. The 50 535 partici-
pants were relatively young (age, 20-54 years) at
recruitment in 1977-1983, and only 143 cases of
colon cancer were identified through linkage to
the Norwegian Cancer Registry after 11.4 years

of follow-up.]

(c) Red meat and processed meat combined

Several studies reported on the risk of
colorectal cancer associated with measures of
meat consumption, which included processed
meats and unprocessed red meats, both red and
white meats, or meats without a clear definition.
The Working Group considered these data to be
less informative than associations with red meat
and processed meat considered separately. Key
findings from this group of studies are summa-
rized in this section and given in Table 2.2.1.

Several other studies reported data for specific
red meat items, such as beef or pork, or for unpro-
cessed red meat or processed meat separately, as
well as for a broader category including both
types of meats (e.g. Bostick et al., 1994; Pietinen
etal., 1999; Lin et al., 2004; Larsson et al., 2005a;
Norat et al., 2005; Spencer et al., 2010; Takachi
et al., 2011; Ollberding et al., 2012; Bernstein
etal., 2015). For these studies, the more informa-
tive data for red meat and for processed meat are
reviewed in the preceding sections, but data for
the combined category are not presented.

In the Finnish Mobile Clinic Health
Examination Survey (109 colorectal cancer cases),
the relative risks for the highest compared with
the lowest quartile of red meat intake were 1.50
(95% CI, 0.77-2.94) for colorectal cancer, 1.34
(95% CI, 0.57-3.15) for colon cancer, and 1.82
(95% CI, 0.60-5.52) for rectal cancer (Jarvinen
et al., 2001). [The Working Group considered
that the category of red meat may have included
processed items. In contrast with other studies,
there was a significant increase of colorectal

cancer in participants consuming poultry
compared with non-consumers. An important
limitation of the study was the small size.]

In the Physicians” Health Study (PHS) (orig-
inally designed as a double-blind trial of aspirin
and [-carotene as preventive measures for cardi-
ovascular disease and cancer), diet at enrolment
was assessed using an abbreviated FFQ, in which
red and processed meat intake included beef,
pork, lamb, and hot dogs. A case-control study
nested in the PHS cohort (212 colorectal cancer
cases) (Chen et al., 1998) found that combined
red and processed meat intake was not signifi-
cantly related to colorectal cancer risk (RR, 1.17;
95% CI, 0.68-2.02; for > 1 vs < 0.5 servings/
day). There was no significant interaction with
NATI1/NAT?2 genotypes (all P, ... ..., > 0.16). [The
Working Group noted that the definition of red
meat included hot dogs, and analyses were not
controlled for total energy intake, BMI, and
other important confounders.]

A case-cohort study done within the CLUE
IT cohort (250 genotyped cases) (Berndt et al.
2006) reported a non-statistically significant
positive association between red meat [including
processed meat] intake and colorectal cancer
risk (RR for highest vs lowest tertile, 1.32; 95%
CI, 0.86-2.02), when adjusting for age, sex, and
total energy. [The main focus of this paper was
to explore gene—environment interactions with
nucleotide excision repair genes; therefore, ana-
lyses of the main effects of meat were limited.]

Anested case-controlstudy,the EPIC-Norfolk
component of EPIC, investigated the effect of the
variant genotype MGMT Ile143Val on colorectal
cancer risk among 273 colorectal cancer cases
and 2984 matched controls. The odds ratio was
1.43 (95% CI, 0.82-2.48; .. = 0.04) for the
variant genotype carriers and red and processed
meat intake above the median compared with
common genotype carriersand red and processed
meat intake below the median (Loh et al., 2010).
The polymorphism was not related to colorectal
cancer risk. [The Working Group noticed that
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red and processed meat intakes were assessed
according to baseline 7-day food diary data.]

The Breast Cancer Detection Demonstration
Project (BCDDP) (487 colorectal cancer cases)
(Flood et al., 2003) reported a relative risk of
1.04 (95% CI, 0.77-1.41) for > 52.2 g/1000 kcal
compared with < 6.1 g/1000 kcal (quintiles) of
combined red and processed meat intake. [The
Working Group noted that the associations
became stronger after multiple adjustments.]

In a prospective study based on a trial
of screening for breast cancer, the Canadian
National Breast Screening Study (CNBSS), partic-
ipants reported their diet in 1982 using an 86-
food item SQFFQ (Kabat et al., 2007). Red meat
intake, defined as beef, veal, pork, ham, bacon,
and pork-based luncheon meats, was related to
an increased risk of rectal cancer, but not colon
cancer. For the highest compared with the lowest
quintile (> 40.3 and < 14.2 g/day, respectively),
the relative risks were 1.12 (95% CI, 0.86-1.46)
for colorectal cancer (617 cases), 0.88 (95% CI,
0.64-1.21) for colon cancer (428 cases), and 1.95
(95% CI, 1.21-3.16; P, ., = 0.008) for rectal cancer
(195 cases). No associations were observed with
cancers of the proximal and distal colon (data
were not shown).

In a study based on the Multiethnic Cohort,
no clear evidence was found for an interaction
with NAT2 or NAT1I acetylator genotypes on the
association between colorectal cancer risk and
red and processed meat intake, or meat done-
ness preference in 1009 cases and 1522 controls
(No6thlings et al., 2009).

In the CPS-II Nutrition Survey (1667
colorectal cancer cases) (Chao et al., 2005), red
meat was defined as including bacon, sausage,
liver, hot dogs, ham, bologna, salami, and lunch-
meat, as well as unprocessed beef and pork. The
relative risk for colon cancer and red meat (as
defined above) consumption assessed at base-
line was 1.15 (95% CI, 0.90-1.46; P, = 0.04)
in men and women combined. Consumption of
these meats was related to an increased risk of
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cancers of the rectosigmoid junction and rectum
(RR, 1.71; 95% CI, 1.15-2.52; P, = 0.007; for
highest vs lowest quintile), but not to cancers of
the rectosigmoid junction only (numerical data
were not shown). [The Working Group noted
that an earlier questionnaire used to estimate
long-term consumption assessed only frequency
of intake; thus, estimation of total energy intake

from that questionnaire was not possible.]

The NIH-AARP study defined red meat as
beef, pork, and lamb, including bacon, cold cuts,
ham, hamburger, hot dogs, liver, sausage, and
steak. After an average follow-up of 7 years, 2719
colorectal cancer cases were identified. Red meat
and processed meat were related to an increased
risk of colon and rectal cancer. The relative risks
for the highest compared with the lowest quin-
tile of red and processed meat intake (61.6 and
9.5 g/1000 kcal, respectively) were 1.24 (95% CI,
1.09-1.42; P, . ,<0.001) for colorectal cancer, 1.21
(95% CI, 1.03-1.41; P, , < 0.001) for colon cancer,
and 1.35 (95% CI, 1.03-1.76; P, = 0.024) for
rectal cancer (Cross et al., 2007, 2010). Significant
associations were also observed when intake
was analysed on a continuous scale. The relative
risks were similar for proximal and distal colon
cancer. The findings remained the same after
exclusion of the first 2 years of follow-up. Study
participants also completed a 37-item FFQ on
dietary intake 10 years before baseline (Ruder
et al., 2011). Participants in the highest intake
category of red and processed meat 10 years
before baseline (defined as ground beef, roast
beef or steak, cold cuts, bacon or sausage, and hot
dogs) had a higher risk of colon cancer (RR, 1.46;
95% CI, 1.26-1.69; P, ., = 0.01) than participants
in the lowest intake category. A significant trend
was observed for the rectum (RR, 1.24; 95% CI,
0.97-1.59; P, = 0.03). [The Working Group
noticed that the FFQ to assess diet 10 years before
baseline was not validated, and did not allow for
estimation of total energy intake for adjustment
of the analyses.]
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(d Haemiron

Data on the association between colorectal
cancer risk and haem iron intake were available
from five cohort studies reviewed in this section
(Leeetal.,2004; Larsson etal.,2005b; Balderetal.,
2006; Kabat et al., 2007; Cross et al., 2010). One
study reported a statistically significant positive
association with proximal, but not distal colon
cancer (Lee et al., 2004), and another found a
significant positive association with colon cancer
after excluding 2 years of follow-up when registry
data were believed to be incomplete (Balder
et al., 2006). Relative risks were null or non-sig-
nificantly increased (range, 0.99-1.31) in three
other studies that reported data on colon cancer
(Larsson et al., 2005b; Kabat et al., 2007; Cross
etal.,2010), rectal cancer (Kabatetal.,2007; Cross
et al., 2010), and colorectal cancer overall (Kabat
et al., 2007; Cross et al., 2010). [The Working
Group noted that the overall evidence on haem
iron was limited by the possibility of publication
bias and the few databases for estimating haem
iron intake from dietary questionnaires.]

2.2.2 Case—control studies

Numerous case—control studies have exam-
ined the association between red or processed
meat intake and risk of colorectal cancers. This
section presents studies by how meat was defined
in the following order: red meat and processed
meat separately, red meat and processed meat
combined, and then red meat, unclear whether
fresh or processed.

In reviewing and interpreting the available
literature, the Working Group considered for
each of these categories the criteria summarized
in Section 2.1 and the greatest weight was given
to studies that met the following criteria:

« Had an unambiguous definition of red and
processed meat (studies that reported data
for unprocessed red and/or processed meat
separately, and/or listed subtypes of meats

included in each meat definition) (see crite-
rion 1 in Section 2.1.1);

o Met the definition of a population-based
study, or included hospital-based cases
using approaches that ensured a represent-
ative sample of the underlying population
(e.g. community hospitals that serve specific
regions in a country) and population-based
controls (see criterion 3 in Section 2.1.3);

o Used a previously validated dietary instru-
ment (see criterion 4 in Section 2.1.4); and

o Considered detailed assessment for potential
confounders, in particular total energy intake
(see criterion 5 in Section 2.1.5).

The Working Group also considered as
informative studies that met these criteria but
showed limitations in criteria 3, 4, or 5 summa-
rized above. Sample size was considered for
informativeness (see criterion 2 in Section 2.1.2).
The main limitations identified by the Working
Group are noted between brackets in the descrip-
tion of each paper.

The Working Group gave less weight to other
studies that showed important limitations in
criterion 3, 4, or 5 above, and/or defined “total
red meat” without further clarifying whether
processed meat was included.

The Working Group excluded the following
papers due to the reasons described below. None
of the excluded studies are presented in the tables.

Studies with fewer than 100 cases were
excluded because of limited statistical power
(e.g. Phillips, 1975; Dales et al., 1979; Pickle et al.,
1984; Tajima & Tominaga, 1985; Vlajinac et al.,
1987; Wohlleb et al., 1990; Nashar & Almurshed,
2008; Guesmi et al., 2010; Ramzi et al., 2014).

Certain dietary patterns (e.g. traditional
“Western-type” diet) are often characterized
by a higher intake of red and processed meats,
but these patterns also capture other foods that
tend to be consumed with a diet high in red and
processed meats, such as refined grains and a
high intake of sugar. Thus, these studies are not
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specific enough to address the role of red meat
and processed meats. Therefore, the Working
Group also excluded from this review studies
that reported on dietary patterns or dietary
diversity, or only examined red meat in combi-
nation with other foods (e.g. McCann et al,
1994; Slattery et al., 1997, 2003; Rouillier et al.,
2005; Satia et al., 2009; De Stefani et al., 2012b;
Pou et al., 2012, 2014; Chen et al., 2015). In addi-
tion, the Working Group also excluded studies
that reported on “meat” variables without a clear
definition of what types of meats were included,
making it impossible to rule out the inclusion
of poultry and/or fish (e.g. Zaridze et al., 1992;
Roberts-Thomson et al., 1996; Ping et al., 1998;
Welfare et al., 1999; Zhang et al., 2002; Kim et al.,
2003; Yeh et al., 2003, 2005; Kuriki et al., 2006;
Little et al., 2006; Wakai et al., 2006; Skjelbred
et al., 2007; Sriamporn et al., 2007; Jedrychowski
et al., 2008; Arafa et al., 2011; Mahfouz et al.,
2014; Pimenta et al., 2014), and studies that stated
clearly that they had included poultry in their
meat definition (e.g. Hu et al., 1991; Fernandez
et al., 1996; Kuriki et al., 2005; Ganesh et al.,
2009).

The Working Group also excluded studies
that did not provide sufficient information to
abstract risk estimates for red and processed
meat intake per se or within strata defined by
genotype (e.g. Gerhardsson de Verdier et al.,
1990; Ghadirian et al., 1997; Keku et al., 2003;
Forones et al., 2008; da Silva et al., 2011; Gialamas
et al., 2011; Silva et al., 2012; Zhivotovskiy et al.,
2012; Angstadt et al., 2013; Helmus et al., 2013).
Studies were not described if they only reported
on estimated amounts of carcinogens derived
from meat, and not on meat variables. Of note,
studies that reported on the same study popula-
tion, published at different times, were generally
summarized together, if applicable. The most
recent, complete, or informative publication was
included.

A few studies reported on selected red
meat types (e.g. beef), groups of red meat types
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(e.g. beef/pork), or total processed meats, and
presented estimates for total red meat variables,
including processed meats. For these studies, the
Working Group only summarized the estimates
for red meat types and/or processed meat, but
not the estimates for the combination of both,
as the Working Group did not find these as
informative.

Studies that unambiguously defined red
meat as unprocessed only, or as unprocessed
and processed combined, or did not provide an
unambiguous definition and referred to “total
red meat”, are summarized in Table 2.2.3. Studies
that unambiguously defined processed meat are
summarized in Table 2.2 4.

(a) Red meat
See Table 2.2.3

(i) Studies considered to be informative

The case—control studies that follow reported
results for red meat and were considered inform-
ative by the Working Group. These studies were
given more weight in the evaluation. The studies
are presented in order by sample size, from
largest to smallest.

Joshi et al. (2015) (3350 cases, 3504 controls)
presented results for colorectal cancer, and for
colon and rectal cancer, and for subtypes of
colorectal cancer defined by mismatch repair
(MMR) proficiency from a population-based
study done in Canada and the USA. They
reported a non-statistically significant positive
association with red meat (Q5 vs Q1 OR, 1.2;
95% CI, 1.0-1.4; P,,,, = 0.085), with no asso-
ciations for total beef or pork, and a marginal
positive association for organ meats (Q5 vs Ql
OR, 1.2;95% CI, 1.0-1.4; P, , = 0.058). No differ-
ences were observed between colon and rectal
cancer, and no other differences were observed
between MMR-proficient and MMR-deficient
tumours. When cooking methods were consid-
ered, stronger, statistically significant asso-
ciations emerged; a positive association was
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observed for pan-fried beef steak (Q4 vs Ql
OR, 1.3; 95% CI, 1.1-1.5; P, < 0.001), which
was stronger among MMR-deficient cases. A
positive association was also observed with
pan-fried hamburgers among MMR-deficient
colorectal cancer cases (Q4 vs QI OR, 1.5; 95%
CL 1.0-2.1; P4 < 0.01). Among oven-broiled
meats, a statistically significant positive associa-
tion was reported for short ribs or spare ribs (Q4
vs Q1 OR, 1.2; 95% CI, 1.0-1.5; P__, = 0.002),
which was restricted and stronger among
MMR-deficient colorectal cancer cases (Q4 vs
Q1 OR, 1.9; 95% CI, 1.12-3.00; P,,,_, = 0.003). No
associations were reported for oven-broiled beef
steak or hamburgers, grilled beef steak or short
ribs or spare ribs; instead, an inverse association
was reported for grilled hamburgers (Q4 vs Q1
OR, 0.8; 95% CI, 0.7-0.9; P,..., = 0.002). When
use of marinades was considered (“Asian-style”
vs “Western-style”), there was evidence that the
use of “Asian-style” marinades (soy-based) wasan
effect modifier of the association with red meat,
suggesting a stronger and statistically significant
association among individuals who reported
never using a soy-based marinade with their
meats (Q5 vs Q1 OR, 1.3; 95% CI, 1.1.-1.6; P, ,
= 0.007; P, ....cion = 0.008). Overall, it was indi-
cated that, given the many estimates obtained, if
a Bonferroni correction was applied for multiple
testing, the only statistically significant associa-
tion would be the association between pan-fried
beef steak and colorectal cancer risk, particu-
larly for MMR-deficient tumours. The esti-
mates for three different heterocyclic aromatic
amines (HAAs), PhIP, DiMelQx, and MelQx
were presented, and a positive association with
increasing levels of DiMeIlQx and MMR-deficient
colorectal cancer was reported.

As part of a multicancer, population-based
case—control study in Canada, which examined
18 cancer sites, Hu et al. (2007) (1723 cases, 3097
controls) reported that beef, pork, or lamb as a
main dish and hamburger intake were positively

associated with risk of proximal colon cancers

in men only, but not in women. In men, the odds
ratios for the highest versus the lowest tertile of
intake (servings/week) were 1.5 (95% CI, 1.0-2.4;
P_.., = 0.05) for beef, pork, or lamb as a main

trend

dish and 2.1 (95% CI, 1.3-3.5; P,___, = 0.006) for
hamburger. A borderline positive association
between hamburger intake in men and distal
colon cancers was also observed. The odds ratio
for the second tertile versus the lowest tertile was
1.4 (95% CI, 1.0-1.9), and the odds ratio for the
highest tertile versus the lowest tertile was 1.4
(95% CI, 0.9-2.0; P, , = 0.11).

Kampman et al. (1999) (1542 cases, 1860
controls) conducted a population-based case—
control study in the USA, and reported that red
meat intake was not associated with colon cancer
in men (highest vs lowest intake OR, 0.9; 95%
CI, 0.7-1.3) or women (OR, 1.0; 95% CI, 0.7-1.5).
Inboth menand women, higher doneness was not
significantly associated with risk of colon cancer
(well-done vs rare OR, 1.2; 95% CI, 0.9-1.5).
Further, no significant interactions between red
meat and the examined NAT2 and GSTM1 gene
variants were found.

In a companion paper, Slattery et al. (1998)
examined associations separately by stage of
disease. Some non-significant positive associ-
ations between red meat and colon cancer by
stage were noted. In men, the odds ratios for
> 7.9 oz/week versus < 2.6 oz/week were 1.5
(95% CI, 0.9-2.3) for local, 1.2 (95% CI, 0.8-1.9)
for regional, and 0.9 (95% CI, 0.4-1.8) for
distant metastasis. In women, the odds ratios
for > 5.4 oz/week versus < 1.7 oz/week was 1.2
(95% CI, 0.7-2.1) for local, 1.1 (95% CI, 0.7-1.8)
for regional, and 0.5 (95% CI, 0.2-1.2) for distant
metastasis. Other papers by Slattery et al. (2000,
2002a, b) examined associations by the molecular
characteristics of the tumours and borderline
positive associations between red meat intake
and colon cancers were observed among cancers
with p53 mutations.

In a related publication (Murtaugh et al,
2004) (952 rectal cancer cases, 1205 controls),
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no associations were observed between red meat
intake and rectal cancers. The odds ratio for
men consuming > 6.1 servings/week versus < 2.9
servings/week was 1.08 (95% CI, 0.77-1.51). The
odds ratio for women consuming > 4.2 servings/
week versus < 1.9 servings/week was 1.05 (95%
CI, 0.72-1.53). A higher intake of well-done red
meat was associated with a higher risk of rectal
cancers in men compared with rare-done meat
(OR, 1.33; 95% CI, 0.98-1.79; P, , = 004). NAT2-
phenotype and GSTMI1 did not consistently
modify the rectal cancer risk associated with red
meat intake. Follow-up papers combining the
two aforementioned study populations reported
no evidence for an interaction between red meat
intake, cooking temperatures, use of red meat
drippings red meat mutagen index or CYPIAI
genotype and colorectal cancer . Nonetheless
in men carrying the CYP1A1*1 allele, a higher
intake of well-done red meat compared with
rare-done meat intake was associated with a
higher risk of colorectal cancer (OR, 1.37; 95%
CIL, 1.06-1.77; P, < 005). (Murtaugh et al.,
2005). On the other hand, Murtaugh et al. (2006)
found a higher risk of rectal cancer among those
with a high intake of red meat and the vitamin D
receptor gene FF genotype only. For high versus
low intake of red meat for the FF genotype, the
odds ratio was 1.45 (95% CI, 0.97-2.19), and for
the Ff/ff genotypes combined, the odds ratio
was 1.08 (95% CI, 0.74-1.58; P, . =0.06 addi-
tive, 0.09 multiplicative). [The Working Group
noted that, in all these studies, the red meat vari-
able included ham, likely baked ham, which is
technically a processed meat.]

In a population-based case-control study in
the USA (1192 colorectal cases, 1192 controls),
Le Marchand et al. (1997) reported a positive
association with beef/veal/lamb that was statis-
tically significant among men (highest vs lowest
quartile OR, 2.1; 95% CI, 1.4-3.1; P,.__, < 0.0001),
but not among women (highest vs lowest quartile
OR, 1.3; 95% CI, 0.9-2.1; P, . = 0.5). There was

trend

no association with pork. The odds ratio for the

124

highest versus the lowest quartile in men was 1.2
(95% CI, 0.8-1.9; P, , = 0.90), and the odds ratio
in women was 0.7 (95% CI, 0.4-1.2; P, = 0.3).
[The Working Group noted that the researchers
also reported on a total red meat variable
with more red meat items, but it also included
processed meats. A positive statistically signifi-
cant association was reported for this variable.]

Miller et al. (2013) (989 cases, 1033 controls)
conducted a population-based study in the USA,
and reported no association between red meat
intake and colorectal cancer, and no differences
between colon and rectal cancer. When consid-
ering cooking methods, they reported a positive
association with pan-fried red meat (Q5 vs Ql
OR, 1.26; 95% CI, 0.93-1.70; P, = 0.044), but
no associations with grilled/barbecued red meat,
microwaved/baked red meat, broiled red meat,
or red meat cooked rare/medium or well done/
charred. A positive association was reported for
estimated total PhIP and rectal cancer (Q5 vs Q1
OR, 1.33; 95% CI, 0.88-2.02; P,.._, = 0.023). [The
Working Group noted the somewhat low partic-
ipation rate in cases and controls (57% cases, 51%
controls), which raised concerns about possible
bias introduced by the types of individuals who
agreed to participate.]

The North Carolina Colon Cancer Study-
Phase II, a population-based case-control study
conducted in the USA (945 cases, 959 controls) in
Whites and African Americans (Williams et al.,
2010), reported that red meat was not signifi-
cantly associated with risk of distal colorectal
cancers. The odds ratios for the highest versus
the lowest quartile were 0.66 (95% CI, 0.43-1.00;
P .4 0.90) in Whites and 0.64 (95%
CL 0.27-1.50; P, . ,= 0.94) in African Americans.
[The Working Group noted that distal cancers
included cancers of the sigmoid, rectosigmoid,
and rectum. Controls had a lower response rate
compared with cases ( 56% vs 74%).]

Chiu et al. (2003) reported on a popula-
tion-based case-control study in Shanghai,
China (931 colon cancer cases, 1552 controls).
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Positive associations were observed between
red meat and risk of colon cancer for both men
and women; however, the associations were only
statistically significant among men. The odds
ratios for the highest versus the lowest quar-
tile of intake (servings/month) were 1.5 (95%
CI 1.0-2.1; P, = 0.03) among men and 1.5 (95%
CIL, 1.0-2.2; P, = 0.08) among women. [The
Working Group noted that a modified version of
the validated Block FFQ was used, but no details
regarding whether this modified FFQ was vali-
dated were provided. In addition, no reference
was provided to confirm whether the modified
FFQ captured the foods mostly eaten in that
area.]

Using data from the Fukuoka Colorectal
Cancer Study, Kimura et al. (2007) (840 hospi-
tal-based cases, 833 population-based controls)
reported no significant associations between
intake of beef/pork and colorectal cancer,
regardless of the cancer subsite. There were some
significant associations for the quintiles, but not
for the highest quintile, and overall P,__, was
not significant. [The Working Group noted that,
even though the authors labelled the study as a
population-based case—control study, the cases
were recruited in hospitals, and the coverage of
cases was not reported. The response rate of the
controls (60%) was also considerably lower than
that of the cases (80%).]

Tuyns et al. (1988) conducted a popula-
tion-based study in Belgium (818 colorectal
cases, 2851 controls). Higher beef consumption
was associated with a higher risk of colon cancer
(Q4 vs Q1 OR, 2.09; 95% CI, not reported; P, .,
<0.001), but not rectal cancer (Q4 vs Q1 OR, 0.71;
P.... = 0.14). Pork intake was not associated with
risk of colon or rectal cancers, and a higher pork
intake was associated with a lower risk of colon
cancer (Q4 vs Q1 OR, 0.39; P, < 0.001). [The
lack of adjustment for energy intake was noted
as a limitation. A previous report stated that
energy intake was similar between cases and
controls, suggesting that it may not have been a

confounder of meat in this study; however, data
were not provided, and there was unclear valida-
tion of the questionnaire. The total pork variable
included smoked pork.]

In another population-based case—control
study by Le Marchand et al. (2001) (727
colorectal cancer cases, 727 controls), no asso-
ciation was observed between red meat intake
and colorectal cancer risk when considering
men and women combined. However, among
participants with the NAT2 genotype (rapid
acetylators) and CYPIA2 phenotype, an above
the median, higher intake of well-done red meat
was significantly associated with a higher risk of
colorectal cancer (OR, 3.3; 95% CI, 1.3-8.1). In
a subsequent paper (Le Marchand et al., 2002b)
on the same study population (Le Marchand
et al., 2001), associations with “total” red meat
[not defined] intake appeared to be restricted
to rectal cancer only (highest vs lowest tertile
OR, 1.7; 95% CI, 1.0-3.0; P, = 0.16). No asso-
ciation was observed for colon cancer. Positive
associations were reported for total HAAs, in
particular DiMelQx and MelQx. Interactions
were also reported, suggesting that smokers who
preferred their red meat well done, and had a
rapid metabolic phenotype for both NAT2 and
CYP1A2 exhibited a risk that was almost nine
times higher compared with those with low
NAT?2 and CYP1A2 activities and who preferred
meat rare or medium done. Well-done red meat
was not associated with risk among never-
smokers or smokers with the slow or interme-
diate phenotype. A follow-up study on the same
study population (Le Marchand et al., 2002a)
reported that participants with a high consump-
tion of red meat and the insert polymorphism in
CYP2EL1 had approximately a twofold increased
risk of rectal cancers compared with those with
no insert polymorphism who consumed a low
intake of red meat (OR, 2.1; 95% CI, 1.2-3.7).

Gerhardsson de Verdier et al. (1991)
conducted a population-based case-control
in Stockholm, Sweden (559 colorectal cancer
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cases, 505 controls). For colon cancer, significant
positive associations were observed with boiled
beef/pork (OR, 1.8;95% CI, 1.2-2.6 P, ., = 0.004),
and for all cases with oven-roasted beef/pork
(OR,1.8;95% CI,, 1.1-2.9 P,___, = 0.02), and boiled
beef/pork (OR, 1.9;95% CI, 1.2-3.0 P, = 0.007).
[The Working Group noted that the researchers
did not provide an effect estimate for beef/pork
without considering the cooking methods. They
only asked about beef and pork, so it was unclear
whether this was really representative of the
subtypes of red meats consumed in that popu-
lation. Information on validation of the dietary
instrument was not provided.]

A hospital-based study done in the United
Kingdom (Turner et al., 2004) (484 cases, 738
controls) reported thathigher red meatintake was
associated with a higher risk of colorectal cancer
(highest vs lowest quartile, servings/month,
OR, 2.3; 95% CI, 1.6-3.5; P__, = 0.0001). A
significant interaction between red meat intake
and GSTPI (P,......on = 0.02, after adjustment
for potential confounders) and NQOI predicted
phenotype (P,,..ociion = 0-01) on risk of colorectal
cancer was reported. The original study (Barrett
et al., 2003) reported no significant interaction
between NAT2 genotype and red meat intake.
[The Working Group noted that the associations
were reported after adjustment for total energy
intake; however, lifestyle factors, such as phys-
ical activity, alcohol intake, or smoking, were not
adjusted for.]

A hospital-based study done in Coérdoba,
Argentina (Navarro et al., 2003) (287 colorectal
cases, 564 controls), reported that beef intake
was inversely associated with colorectal cancer,
particularly lean beef. The odds ratios for
the highest versus the lowest tertile of intake
(g/day) were 0.78 (95% CI, 0.51-1.18) for fatty
beef and 0.67 (95% CI, 0.40-0.97) for lean beef.
Pork (highest versus the lowest tertile) intake
was not associated with risk of colorectal cancer
(OR, 0.92; 95% CI, 0.62-1.36) (Navarro et al.,
2003). A follow-up report on the same study

126

(Navarro et al., 2004) (296 cases, 597 controls)
reported that a higher intake of darkly browned
red meat was associated with a higher risk of
colorectal cancer, particularly for barbecued,
iron pan-cooked, and fried red meat, but not
roasted red meat. [Limitations noted by the
Working Group included lack of report on the
time between diagnosis and interview, lack of
clarity whether total red meat included processed
meat or not, and lack of adjustment for physical
activity.]

Kampman et al. (1995) conducted a popula-
tion-based study in the Netherlands (232 colon
cancer cases, 259 controls), and reported no asso-
ciation between unprocessed red meat intake and
colon cancer among men, but a positive associ-
ation among women. For women consuming
> 83 g/day versus < 38 g/day, the odds ratio
was 2.35 (95% CI, 0.97-5.66; P, ., = 0.04), and for
men consuming > 102 g/day versus < 60 g/day,
the odds ratio was 0.89 (95% CI, 0.43-1.81;

teraction DY 8€X = 0.02). The ratio of red meat to
vegetables plus fruit was also positively associ-
ated with colon cancer in women. For the highest
versus the lowest category, in men, the odds
ratio was 1.18 (95% CI, 0.57-2.43; P, , = 0.89),
and in women, the odds ratio was 3.05 (95%
CI, 1.39-6.17; P, = 0.0006; P, = 0.0001).
[The Working Group noted that no information
was provided about the validity of the FFQ.]

Steinmetz & Potter (1993) conducted a popu-
lation-based case-control study in Australia (220
colon cases, 438 controls). Red meat intake was
positively, but not significantly, associated with
risk of colon cancer in both men and women. The
odds ratios for the highest versus the lowest quar-
tile were 1.48 (95% CI, 0.73-3.01) in women and
1.59 (95% CI, 0.81-3.13) in men. [The Working
Group concluded that a key limitation was the
lack of adjustment for energy intake.]

Juarranz Sanz et al. (2004) conducted a
population-based study in Madrid, Spain (196
colorectal cases, 196 controls). They reported
positive associations with red meat (g/day) (OR
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for red meat as a continuous variable, 1.026; 95%
CI, 1.010-1.040; P, = 0.002) and organ meats
(also considered as red meat) (OR, 1.122; 95%
CI, 1.027-1.232; P, = 0.015). [The Working
Group concluded that the main weakness was the
lack of consideration of important confounders,
such as total energy intake or BMI, although it
was unclear whether the researchers did or did
not find evidence of confounding,]
Boutron-Ruault et al. (1999) (171 colorectal
cancer cases, 309 population-based controls)
conducted a population-based study in France,
and reported a non-statistically significant posi-
tiveassociation with beef (OR for highest vslowest
quartile, g/day, 1.4; 95% CI, 0.8-2.4; P, = 0.31)
and lamb (OR for high vs low, g/day, 1.3; 95%
CIL, 0.9-1.9; P = 0.2), and no association with pork
(OR for highest vs lowest quartile, g/day, 1.0; 95%
CIL, 0.7-2.8). A statistically significant positive
association was reported for offal (OR, 1.7; 95%
CI, 1.1-2.8; P, = 0.04), which seemed stronger
for rectal than colon cancer. [The Working
Group noted that there was no consideration of
additional potential confounders, such as BMI,
alcohol, or smoking status. A difference in the
response rates of cases and controls (80% vs 53%)

was noted.]

(i) Studies considered less informative

The following case—control studies that
presented results for red meat were considered
less informative by the Working Group. The
studies are presented in order by sample size,
from largest to smallest.

The hospital-based study by Di Maso et al.
(2013) (2390 colorectal cases, 4943 controls) that
included previous publications from the same
group (i.e. Franceschi et al., 1997 and Levi et al.,
1999), reported that a higher red meat intake
was associated with a higher risk of colon and
rectal cancers in men and women. The odds
ratios per 50 g/day increase for colon cancer were
1.17 (95% CI, 1.08-1.26) in men and 1.11 (95%
CI, 0.98-1.26) in women, and for rectal cancer,

the odds ratios were 1.15 (95% CI, 1.02-1.29) in
men and 1.32 (95% CI, 1.54-1.29) in women.
Associations did not differ by cooking practice,
except for rectal cancers, where the strongest
associations were seen with fried/pan-fried red
meat intake. The odds ratios per 50 g/day increase
were 1.24 (95% CI, 1.07-1.45) for roasting/
grilling, 1.32 (95% CI, 1.10-1.58) for boiling/
stewing, and 1.90 (95% CI, 1.38-2.61) for frying/
pan-frying (P erogencity = 0-06). [The Working
Group concluded that the limitations included
lack of adjustment for total caloric intake and
physical activity. The researchers also did not
assess the quantiles and differences in standard
serving sizes between regions, which may have
affected the calculated grams of intake per day.]

The hospital-based study by Tavani et al.
(2000) (828 colorectal cases, 7990 controls) in
Italy reported a positive association between
the highest intake of red meat and both colon
(highest vs lowest tertile OR, 1.9; 95% CI, 1.5-2.3;
P, ..q <0.01) and rectal cancer (highest vs lowest
tertile OR, 1.7, 95% CI, 1.3-2.2; P, , <0.01). [The
Working Group concluded that the main weak-
nesses were lack of validation of the FFQ, which
only included 40 food items, and lack of adjust-
ment for total energy, BMI, and physical activity.]

A hospital-based case-control study was
conducted in Harbin, China, by Guo et al. (2015)
(600 colorectal cases, 600 controls), and reported
a positive association between servings of red
meat per week and colorectal cancer risk (> 7
vs < 7 servings/week OR, 1.5; 95% CI, 1.1-2.4;
P, ... = 0.001). No evidence of interaction was
observed for two polymorphisms in the ADIPOQ
gene. [The Working Group concluded that the
main weaknesses were lack of consideration of
total energy intake and other dietary factors,
and lack of information on whether the FFQ was
validated.]

Muscat & Wynder (1994) conducted a hospi-
tal-based case-control study (511 colorectal
cases, 500 controls) in the USA. No associations
were observed between beef doneness and risk
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of colorectal cancer in men or women. The odds
ratios for well-done versus rare beef were 1.15
(95% CI,0.6-2.4) inmen and 1.0 (95% CI, 0.6-1.5)
in women. Estimates were only adjusted for
matching variables. Results were only presented
for beef doneness as exposure. [The Working
Group concluded that the limitations included
poor focus on red meat, by reporting only on
well-done beef, and lack of validation of expo-
sure survey tools.]

Kotakeetal.(1995) conducted ahospital-based
case—control study in Japan (363 colorectal cases,
363 controls). Nosignificantassociations between
beef or pork intake and colon and rectal cancer
were found. For an intake of > 3-4 times/week
versus 1-2/week, the odds ratios for colon cancer
were 1.7 (95% CI, 0.85-3.28) for beef and 0.8
(95% CI, 0.50-1.33) for pork, and the odds ratios
for rectal cancer were 0.8 (95% CI, 0.38-1.52)
for beef and 1.6 (95% CI, 0.95-2.73) for pork.
[The Working Group concluded that the limita-
tions were lack of use of quantiles for exposure
variables, unclear validation status of the FFQ,
lack of adjustment for energy intake, and inclu-
sion of hospital controls with other tumours,
including 49 cases with upper gastrointestinal
tract cancers.]

A hospital-based study was done in Thailand
(Lohsoonthorn & Danvivat, 1995) (279 colorectal
cases, 279 controls), and reported null asso-
ciations with either beef or pork intake. [The
Working Group noted that the main weakness
of this study was lack of consideration of any
potential confounders.]

Freedman et al. (1996) reported on a hospi-
tal-based study in New York, USA (163 cases, 326
controls). They reported a positive association
with beef (highest vs lowest tertile OR, 2.01; 95%
CI, 0.96-4.20; P, = 0.03). They also subtyped
tumours based on p53 expression and reported
that the association with beef intake (highest
vs lowest) was stronger among tumours that
lacked overexpression of p53 (OR, 3.17; 95%
CI, 1.83-11.28; P, = 0.006). The association

trend
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was very modest and not statistically significant
among p53+ tumours. [The Working Group
concluded that the limitations of this study were
lack of consideration of total energy adjustment,
and lack of consideration of other dietary and
lifestyle covariates.]

A population-based study in China (Chen
et al., 2006) (140 colorectal cases, 343 controls)
reported no association between red meat and
colon cancer, but a non-significant association
with rectal cancer (OR, 1.4; 95% CI, 0.7-2.82).
Interactions with SULTIAI were also reported,
without conclusive results. [The Working Group
concluded that the limitations included lack of
adjustment for total energy intake and other
potential confounders, and unclear definition of
red meat.]

A population-based case-control study
in southern Italy (Centonze et al., 1994) (119
cases, 119 controls) reported a lack of associa-
tion between beef intake and colorectal cancer
risk; odds ratio for medium (>22 g/day) vs low
(~21 g/day) intake of beef was, 0.95; 95%
CL, 0.50-1.80. [The Working Group concluded
that the use of a validated questionnaire was
among the major strengths. The limitations were
a small sample size, the fact that the researchers
presented results for beef only, and the lack of
total caloric intake adjustment.]

The study by Iscovich et al. (1992) (110 colon
cancers, 220 controls) in Argentina reported a
positive association with red meat intake, which
was observed only in the second quartile (Q1
vs Q2 OR, 2.29; 95% CI, 1.03-5.08; Q1 vs Q3
OR, 0.82; 95% CI, 0.39-1.70; Q1 vs Q4, no esti-
mates presented). [ The Working Group concluded
that the limitations of this study included lack of
information about FFQ validation, lack of adjust-
ment for energy intake, and limited distribution
of red meat, given the very high consumption of
red meat in Argentina, which limited the varia-
bility of red meat intake.]

Manousos et al. (1983) conducted a hospi-
tal-based case—control study of colorectal cancer
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(100 cases, 100 controls) in Greece, and reported
positive associations with beef (OR, 1.77) and
lamb (OR, 2.61). [The Working Group concluded
that the major limitations were lack of consid-
eration of important confounders, such as total
energy intake, among others, and small samples
size.]

(b)  Processed meat

(i) Studies considered informative

The following case-control studies reported
results for processed meat separately and were
considered informative by the Working Group
(see Table 2.2.4). These studies were given
more weight in the evaluation. The studies are
presented in order by sample size, from largest to
smallest. Many of these studies were described in
the previous section.

Joshi et al. (2015) (3350 cases, 3504 controls),
which was described as an informative study in
Section 2.2.2(b), reported a positive association
for processed meat (5th Quintile vs 1st quin-
tile OR, 1.2; 95% CI, 1.0-1.4; P,_, = 0.054); a
similar positive association was reported for
sausage and lunchmeats (Q5 vs Ql OR, 1.2;
95% CI, 1.0-1.4; P, = 0.187). Analyses that
considered subtypes of colorectal cancer defined
by MMR status showed a statistically signifi-
cant association with sausages and lunchmeats
among MMR-proficient cases (Q5 vs Q1 OR, 1.3;
95% CI, 1.0-1.7; P4 = 0.029). When cooking
methods were considered, positive associations
were noted for pan-fried sausage (4th quartile vs
1st quartile OR, 1.2;95% CI, 1.0-1.3; P, = 0.041)
and pan-fried spam or ham (Q4 vs Q1 OR, 1.2;
95% CI, 1.0-1.4; P, __, = 0.048). The latter seemed
restricted and stronger among MMR-proficient
cases. No associations were noted for pan-fried
bacon and for grilled/barbecued sausages. No
differences were noted for colon versus rectal
cancers for any of these variables. [The limita-
tions were the same as those described in Section

2.2.2(b)]

Hu et al. (2007) (1723 cases, 3097
controls), described as an informative study in
Section 2.2.2(b),reported that processed meat
intake was significantly positively associated with
both proximal and distal colon cancers in both
sexes, with risk estimates ranging between 1.5
and 1.6 for the highest compared with the lowest
quartile of intake. Positive associations appeared
to be stronger for bacon than for sausage intake,
which was not significantly associated with prox-
imal or distal cancers in men or women. For the
highest tertile compared with the lowest tertile
of bacon intake, the odds ratios for proximal
cancer were 1.5 (95% CI, 1.0-2.2; P, ., = 0.04)
in men and 2.2 (95% CI, 1.4-3.3; P, = 0.001)
in women; andthe odds ratios for distal cancer
were 1.4 (95% CI, 1.0-1.9; P__. = 0.05) in men

trend

and 1.8 (95% CI, 1.2-2.8; P, .., = 0.01) in women.
[It was unclear why associations were presented
for bacon and sausage, but not for other types of
processed meats.] A later published companion
paper by the same group using the same study
population confirmed their previous findings
for processed meat and colon cancer (= 5.42 vs
< 0.94 servings/week OR, 1.5; 95% CI, 1.2-1.8;
P, ... <0.0001) (Hu et al., 2011). This publication
also reported results for rectal cancer separately
(= 542 vs < 0.94 servings/week OR, 1.5; 95%
CL 1.2-2.0; P, = 0.001). [The limitations were
the same as those noted for Hu et al. (2007).]
Kampman et al. (1999) (1542 cases, 1860
controls), an informative study described in
Section 2.2.2(b), also reported on processed
meats. They reported a statistically significant
positive association with risk of colon cancers in
men who consumed > 3.1 servings/week versus
men who consumed < 0.5 servings/week of
processed meats (OR, 1.4; 95% CI, 1.0-1.9), but
no significant associations were found in women.
Moreover, stronger positive associations between
processed meats and colon cancer were observed
among those with the intermediate or rapid
NAT?2 acetylator phenotype (albeit not a statisti-
cally significant interaction), while associations

129



IARC MONOGRAPHS - 114

did not appear to differ by GSTMI genotype. A
follow-up paperbythisgroup (Slatteryetal.,2000)
reported that, among cases, higher processed
meat intake was less likely to be associated with
tumours with G>A transitions in the KRAS
gene (OR, 0.4;95% CI, 0.2-0.8; P, = 0.14). In a
later publication by the same group focusing on
rectal cancer (Murtaugh et al., 2004), processed
meat intake was not significantly associated with
risk of rectal cancer. For the highest versus the
lowest intake, the odds ratios were 1.18 (95%
CI,0.87-1.61) in men and 1.23 (95% CI, 0.84-1.81)
in women. [For the limitations, refer to Section
2.2.2(b)]

Le Marchand et al. (1997) (1192 cases, 1192
controls), an informative study described in
Section 2.2.2(b),reported positive associations
between processed meat intake and colorectal
cancer; however, the associations appeared to
be restricted to men only (highest vs lowest
quartile of intake among men, OR, 2.3; 95%
CL, 1.5-3.4; P, ,= 0.001; among women, OR, 1.2;
95% CI, 0.8-2.0; P, = 0.20; P = 0.05).
When considering processed meat subtypes,
positive associations were reported for beef or
pork luncheon meats, salami, sausage, and beef
wieners among men only. In contrast, among
women, a positive association was observed with
spam (highest vs lowest quartile of intake among
women OR, 1.8;95% CI, 1.1-2.9; P, . ,=0.02). [The
limitations were the same as those described in
Section 2.2.2(b).]

Miller et al. (2013) (989 cases, 1033
controls), an informative study described in
Section 2.2.2(b),reported a slight positive associ-
ation between processed red meat and colorectal
cancer; however, neither the estimates by intake
category nor trend of association werestatisti-
cally significant. No differences were observed
between colon and rectal cancer or between
proximal and distal colon cancer. A statisti-
cally significant positive association between
estimated levels of total nitrites and proximal
cancer (Q5 vs QI, OR, 1.57; 95% CI, 1.06-2.34;
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P,... = 0.023) was reported. [For the limitations,
refer to Section 2.2.2(b); additionally, processed
red meat and processed poultry meat were
considered separately and so total processed
meat was not reported.]

In the study by Williams et al. (2010) (945
cases, 959 controls), described in Section 2.2.2(b),
a positive association between processed meat
intake and colon cancer was reported for the
third quartile among Whites, but there was no
evidence of a linear trend. No significant associ-
ations were observed among African Americans.
[For the limitations, refer to Section 2.2.2(b).]

Kimura et al. (2007) (840 cases, 833 controls),
described in Section 2.2.2(b), reported that
processed meat was not associated with colorectal
cancer, regardless of the cancer subsite. For
Q5 versus Ql, the odds ratios were 1.15 (95%
CI, 0.83-1.60) for colorectal cancer, 1.2 (95%
CL, 0.72-2.03) for proximal colon cancer, 1.32
(95% CI, 0.82-2.11) for distal colon cancer, and
1.14 (95% CI, 0.73-1.77) for rectal cancer (all P,,, 4
> 0.27). [The Working Group concluded that a
limitation was the lack of information on how
processed meat was defined.]

A study by Tuyns et al. (1988) (818 cases,
2851 controls), described in Section 2.2.2(b), also
reported data on “charcuterie”, and reported no
association with risk of colon or rectal cancers.
[For the limitations, refer to Section 2.2.2(b).]

A studyby Gerhardsson de Verdieretal. (1991)
(559 cases, 505 controls), described in Section
2.2.2(b), also reported on individual processed
meats and considered cooking methods.
Significant positive associations were observed
between intake of boiled sausage (P, = 0.04)
and risk of colon cancer. Furthermore, positive
associations were also found between bacon/
smoked ham (P, ,=0.025), oven-roasted sausage
(P,,..q = 0.038), and boiled sausage (P, , < 0.001)
and risk of rectal cancer. Associations did not
appear to differ consistently by sex or colon
subsites. [The Working Group noted that a limit-
ation was the reduced number of processed meat
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items, as it was unclear whether the items were
representative of the subtypes of processed meats
consumed in this population. For other limita-
tions, refer to Section 2.2.2(b).]

The study by Le Marchand et al. (2002a) (521
cases, 639 controls), described in Section 2.2.2(b),
also reported that, among participants with
a high intake of processed red meat and the
CYP2E] insert polymorphism, a threefold risk
was observed compared with those with low
consumption and no insert polymorphism
(OR, 3.1;95% CI, 1.8-5.6; P, . =0.22).

Squires et al. (2010) (518 cases, 688 controls)
conducted a population-based case-control
study in Canada. They reported that a higher
consumption of pickled meat (food commonly
eaten in Newfoundland) was significantly asso-
ciated with an increased risk of colorectal cancer
in both men and women (OR for men, 2.07;
95% CI, 1.37-3.15; OR for women, 2.51; 95% ClI,
1.45-4.32).

Rosato et al. (2013) (329 cases, 1361 controls)
conducted a hospital-based case-control study
of young-onset colorectal cancer (diagnosis
< 45 years of age) in Italy. The study included
individuals from three previously reported case-
control studies on colorectal cancers — Levi et al.
(1999), La Vecchia et al. (1991), and Negri et al.
(1999). [Participantsin these previous studies may
have overlapped.] A statistically significant posi-
tive association was observed between processed
meat intake and colorectal cancer (highest vs
lowest tertile OR for processed meat, 1.56; 95%
CI, 1.11-2.20; P, , = 0.008). [The limitations of
this study were lack of definition of meat types
included in the processed meat variable, lack
of clarity on the overlap with previous studies,
and no consideration of alcohol and smoking as
potential confounders.]

A study by Navarro et al. (2003) (287 cases,
564 controls), described in Section 2.2.2(b),re-
ported that processed meat was positively asso-
ciated with risk of colorectal cancer (highest vs

lowest tertile OR, 1.47; 95% CI, 1.02-2.15). [For
the limitations, refer to Section 2.2.2(b).]
Steinmetz & Potter (1993) (220 cases, 438
controls), described in Section 2.2.2(b), reported
that processed meat intake was not associated
with risk of colon cancer in either sex. For the
highest compared with the lowest quartile, the
odds ratios were 0.77 (95% CI, 0.35-1.68) in
women and 1.03 (95% CI, 0.55-1.95) in men. [For
the limitations, refer to Section 2.2.2(b).]
Juarranz Sanz et al. (2004) (196 cases, 196
controls), described in Section 2.2.2(b), reported
positive associations between processed meat
intake (12.9 + 11.4 g/day vs 5.62 + 7.6 g/day) and
colorectal cancer (OR, 1.070; 95% CI, 1.035-1.107;
P .., =0.001). [The Working Group noted that
processed meat was not clearly defined. For other
limitations, refer to Section 2.2.2(b).]
Boutron-Ruault et al. (1999) (171 cases,
309 controls), summarized in Section 2.2.2(b),
reported that a higher intake of delicatessen
(processed) meat was associated with a higher
risk of colorectal cancer (highest vs lowest quar-
tile, g/day, OR, 2.4; 95% CI, 1.3-4.5). [For the
limitations, refer to Section 2.2.2(b).]

(i) Studies considered less informative

The following case-control studies reported
results for processed meat separately and were
considered less informative by the Working
Group. The studies are presented in order by
sample size, from largest to smallest.

A hospital-based study was done by
Franceschi et al. (1997) (1953 colorectal cancer
cases, 4154 controls) in Italy. The study reported
no statistically significant associations between
processed meat and risk of colorectal cancer.
Similarly, no associations were observed for colon
or rectal cancer separately. [Processed meat was
not defined.]

Macquart-Moulin et al. (1986) (399 colorectal
cases, 399 controls) reported no statistically
significant associations between a high intake
of processed meats and colorectal cancer. [The
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Working Group concluded that the main weak-
nesses of this study were lack of consideration
of dietary fibre or total vegetables, and lack of
details on the analytical models, such as confi-
dence intervals.]

Ahospital-based case—control study was done
in Montevideo, Uruguay. De Stefani et al. (2012a)
(361 colorectal cases, 2532 controls) reported that
a higher intake of processed meat was associated
with a higher risk of colon and rectal cancers in
both sexes. For the highest tertile compared with
the lowest tertile of intake (g/day), the odds ratios
for colon cancer were 2.01 (95% CI, 1.07-3.76;
P...,=0.03) in men and 3.53 (95% CI, 1.93-6.46;
P ... = 0.0001) in women, and the odds ratios
for rectal cancer were 1.76 (95% CI, 1.03-3.01;
P_._.=0.03) in men and 3.18 (95% CI, 1.54-6.57;

trend —

P...=0.01) in women. A previous hospital-based
study by the same group (De Stefani et al., 1997)
(250 colorectal cases, 500 controls) had reported
no statistically significant associations between
processed meat and colorectal cancer, and no
differences by cancer subsite (colon vs rectum) or
by sex. [A major limitation of this study was that
the control group may have included patients
with diseases related to diet, increasing the like-
lihood of biased results. In addition, in the 1997
study, the researchers did not consider adjusting
for energy intake.]

A hospital-based case-control study was done
in the canton of Vaud, Switzerland, by Levi et al.
(2004) (323 colorectal cases, 611 controls) and
later included in the study by Di Maso etal. (2013),
although the latter did not report on processed
meat. A higher intake of processed meat was
associated with a higher risk of colorectal cancer
(OR for highest vs lowest category of intake, 2.35;
95% CI, 1.50-4.27; P,.._, < 0.001).

A population-based case-control study in
Majorca, Spain (Benito et al., 1990) (286 cases;
498 controls, which included some hospi-
tal-based), reported no significant associations
with processed meat intake. [Lack of energy
adjustment, lack of detailed analysis, use of a
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non-validated FFQ, and limited sample size were
among the limitations of this study.]

Lohsoonthorn & Danvivat (1995) (279
colorectal cases, 279 controls), described in
Section 2.2.2(b), reported positive associations
with bacon (>10 vs < 5 times/month OR, 12.49;
95% CI, 1.68-269) and with sausage (>10 vs < 5
times/month OR, 1.26; 95% CI, 0.71-2.25), and
a null association with salted beef. [The main
weakness of this study was lack of consideration
of any potential confounders.]

In a population-based study in France (Faivre
et al., 1997) (171 colorectal cases, 309 controls) a
positive association was reported between a high
intake of processed meat and delicatessen and
colorectal cancer risk (OR, 3.0; 95% CI, 2.1-4.8;
P._. ,<0.001). [The key weaknesses included lack
of information regarding how the processed meat
estimate was obtained, and lack of consideration
of smoking, BMI, dietary fibre, and alcohol.]

Apopulation-based case—controlstudyinlItaly
(Centonze et al., 1994) (119 cases, 119 controls),
previously described in Section 2.2.2(b), reported
that processed meat was not associated with
colorectal cancer risk (OR for > 3g/day vs
< 2g/day processed meat, 1.01; 95% CI, 0.57-1.69).
[For the limitations, refer to Section 2.2.2(b).]

Fernandez et al. (1997) (112 cases and 108
controls), based on data from a case-control
study in northern Italy, focused on subjects with
a family history of cancer and reported that
some processed meats were positively associated
with colorectal cancer. For the highest versus
the lowest tertile, the odds ratios were 2.1 (95%
CL 0.9-4.9; P, , > 0.05) for raw ham, 2.6 (95%
CL, 1.0-6.8; P,y > 0.05) for ham, and 1.9 (95%
CL 1.0-3.3; P4 < 0.05) for canned meat. [The
limitations of this study were the unclear defini-
tion of processed meats, the modest sample size,
and the lack of adjustment for energy intake and
other potential confounders.]

Iscovich et al. (1992) (110 cases, 220 controls),
described in Section 2.2.2(b), reported that
processed meat was inversely associated with risk
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of colon cancers, regardless of fat content (OR
for highest vs lowest, 0.45; 95% CI, 0.23-0.90;
P_... = 0.017; for fat with skin; OR, 0.38; 95% CI,
0.19-0.75; for lean processed meat; P, = 0.002).
[For the limitations, refer to Section 2.2.2(b).]

trend

(c)  Red meat and processed meat combined

In this subsection, the term “total red meat”
as used in many studies refers to “unprocessed
and processed red meats combined”.

(i) Studies considered informative

The following case-control studies that
reported results for red meat and processed meat
combined were considered informative by the
Working Group. The studies are presented in
order by sample size, from largest to smallest.

A population-based colorectal case-control
study conducted in Canada (Cotterchio et al.,
2008) (1095 cases, 1890 controls) reported a
positive association with total red meat (OR for
highest vs lowest intake of total red meat, serv-
ings/week, 1.67; 95% CI, 1.36-2.05) and well-
done total red meat (OR for > 2 servings/week
of total well-done red meat vs <2 servings/week
of rare total red meat, 1.57; 95% CI, 1.27-1.93).
Polymorphisms in 15 xenobiotic-metabolizing
enzymes (XMEs) were considered, and no statis-
tically significant gene-environment interactions
were observed, with two exceptions. In anal-
yses stratified by genotypes, the relative risk of
colorectal cancer for > 2 servings/week of “well-
done” compared with < 2 servings/week of “rare/
regular” red meat was higher in CYP1BI wildtype
variants compared with other genotypes with
increased activity (P, .....o, = 0-04), and higher
in the SULTIA1 GG genotype compared with
AA/GA genotypes (P,,...ciion = 0-03). A follow-up
study with a subset of the individuals (Mrkonjic
et al, 2009) investigated gene-environment
interactions, focusing on two single-nucleotide
polymorphisms on the apolipoprotein E (APOE)
gene and considering tumour subtypes with
microsatellite instability (MSI). They reported

that APOE isoforms might modulate the risk
of MSI-high and MSI-low/normal colorectal
cancers among high total red meat consumers.
[The Working Group concluded that the major
limitations of these studies were use of a dietary
instrument that was not validated for red meat
and lack of energy adjustment.]

Kune et al. (1987) reported on a popula-
tion-based case-control study conducted in
Melbourne, Australia (715 colorectal cases, 727
controls). They reported a positive association
between high intake of beef, unprocessed and
processed (> 360 g/week), and colorectal cancer
risk for men and women combined (OR, 1.75; 95%
CL 1.26-2.44),andapositiveassociation of similar
magnitude for the colon and rectum. Results for
men showed similar estimates. Estimates for
women were not presented. In contrast, for pork,
inverse associations were reported with colorectal
cancer for men and women combined (OR, 0.55;
95% CI, 0.42-0.73) and similarly by sex and by
cancer location (i.e. colon and rectum). [The lack
of total energy adjustment and consideration of
lifestyle risk factors were noted. The data analysis
strategy and presentation were not sufficiently
clear, and did not allow for proper interpretation
of the findings.]

The North Carolina Colon Cancer Study
(Butler et al., 2003), a population-based case—
control study in the USA (620 colon cancer
cases, 1038 controls), reported a twofold risk of
colon cancer for total red meat intake (highest vs
lowest intake OR, 2.0; 95% CI, 1.3-3.2). In addi-
tion, statistically significant associations between
colon cancer risk and pan-fried red meat (OR, 2.0;
95% CI, 1.4-3.0) and well-done red meat (OR, 1.7;
95% CI, 1.2-2.5) were reported. In another paper
(Satia-Abouta et al., 2004), differences by ethnic
group were examined (“Caucasians” vs African
Americans), and it was reported that the posi-
tive associations previously reported by Butler
etal. (2003) for all individuals combined were no
longer observed with ethnic stratification e (e.g.
Q4 vs QI total red meat among Whites OR, 1.1;
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95% CI, 0.7-1.8; P, , = 0.61). Follow-up studies
(Butler et al., 2005, 2008a) considered UGT1A7
and NATI polymorphisms in a subset of cases,
and reported no significant gene-environment
interactions. In a subset of cases (486 cases), Satia
etal. (2005) observed that the positive association
between total red meat intake and colon cancers
seemed restricted to MSI-high cases (49 cases
only), but was not statistically significant, and
was null among MSI-low/MSI-stable tumours
(total red meat intake T3 vs T1 OR for MSI-high
cancers: 1.3; 95% CI, 0.6-3.0; P, = 0.42; and
OR for MSI-low or MSI-stable cancers, 0.9; 95%
CL 0.7-1.3; P4 = 0.90). A subsequent study
conducted by Steck et al. (2014) considered
gene-environment interactions between total
red meat, pan-fried total red meat, and well-
done or very well-done total red meat and seven
single-nucleotide polymorphisms in five nucle-
otide excision repair genes (XPD, XPF, XPG,
XPC, RAD23B). No significant interactions
were reported. [Slightly lower response rates
were noted for controls compared with cases,
although this is not unusual for studies that
include minority populations, and the response
rates were still within an acceptable range.]

A population-based study of colorectal
cancer was done by Joshi et al. (2009) (577 cases,
361 controls) and reported a positive associa-
tion with total red meat (OR for > 3 vs < 3 serv-
ings/week, 1.8; 95% CI, 1.3-2.5; P, = 0.001),
which was restricted to colon cancer cases, and
not rectal cases, and a similar association with
total red meat cooked using high-temperature
methods (pan-frying, broiling, grilling OR, 1.6;
95% CI, 1.1-2.2). No associations were reported
for total red meat doneness (on the outside
or inside of the meat) and colorectal cancer.
Polymorphisms in five genes in the nucleotide
excision repair pathway (ERCCI, XPA, XPC, XPD,
XPF, XPG) and two genes in the MMR pathway
(MLHI, MSH?2) were considered. Overall, results
suggested that a high intake of total red meat

browned on the outside may increase the risk of
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colorectal cancer (especially rectal cancer) among
carriers of the XPD codon 751 Lys/Lys geno-
type (OR, 3.8; 95% CI, 1.1-13; P, . = 0.037).
Two subsequent studies investigated additional
interactions between these meat variables and
polymorphisms in the base excision repair
pathway (APEX1, OGGI, PARP, XRCCI) (Brevik
etal., 2010) and carcinogen metabolism enzymes
(CYPIA2,CYPIBI, GSTP1, PTGS2, EPHX, NAT?2)
(Wang et al., 2012). They reported a stronger
association between a higher intake of total red
meat cooked at high temperatures and colorectal
cancer among carriers of one or two copies of
the PARP codon 762 Ala allele (OR, 2.64; 95%
CI, 1.54-4.51; P < 0.0001) than among carriers
of two copies of the Val allele (OR, 1.17; 95%
ClI,0.76-1.77; P=0.484; P, . =0.012) (Brevik
et al., 2010). They also reported that the CYPIA2
-154 A > C single-nucleotide polymorphism
may modify the association between intake of
total red meat cooked using high-temperature
methods (P,.......... <0.001) and colorectal cancer
risk, and the association between total red meat
heavily browned on the outside and rectal cancer
1isk (P, eraction < 0.001) (Wang et al., 2012). [The
Working Group concluded that a limitation of
these studies was the use of sibling controls,
which may have reduced power to detect associ-
ations with red meat variables; however, the use
of a case-only design improved power for gene-
environment interaction testing. Total energy
intake was considered, but was obtained from
a separate questionnaire than the ones used for
meat assessment; therefore, residual confounding
could not be excluded.]

A population-based case-control study of
colorectal cancer was conducted in western
Australia (Tabatabaei et al., 2011) (567 cases, 713
controls). The study reported that intake of total
red meat cooked with different cooking methods
(pan-fried, barbecued, stewed) was not signifi-
cantly associated with risk of colorectal cancer,
although a statistically significant inverse asso-
ciation with baked total red meat was observed.
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For the highest versus the lowest intake, the odds
ratios were 0.8 (95% CI, 0.57-1.13; P, ,=0.27) for
pan-fried,0.89 (95% CI,0.63-1.24; P, ,=0.17) for
barbecued, 0.73 (95% CI, 0.53-1.01; P, , = 0.04)
for baked, and 0.95 (95% CI, 0.67-1.33; P, .4 =
0.53) for stewed. Results were not provided for
red meat per se, only by cooking method. [The
Working Group concluded that the main limi-
tations were the lack of information regarding
whether the FFQ was validated and the fact
that the researchers inquired about meat intake
10 years before inclusion into the study, which
may have increased the likelihood of misclassifi-
cation of exposures.]

Squires et al. (2010) (518 cases, 686 controls)
conducted a study in Newfoundland, Canada,
summarized in Section 2.2.2(c), and reported a
positive, but non-statistically significant, associa-
tion between total red meat intake and colorectal
cancer among women, but not among men. For
the highest compared with the lowest category of
intake (servings/day), the odds ratio among men
was 0.75 (95% CI, 0.43-1.29), and among women,
it was 1.81 (95% CI, 0.94-3.51; n0 P,_.....1ion DY S€X
reported). In addition, a higher intake of well-
done red meat was associated with a higher risk
of colorectal cancer in women (> 2 servings well
done vs < 2 servings rare/regular, OR, 3.1; 95%
CI, 1.11-8.69).

Shannon et al. (1996) conducted a popu-
lation-based study in Seattle, USA (424 colon
cases, 414 controls), and reported no statistically
significant associations between total red meat
intake and colon cancer among women, but did
report a statistically non-significant positive
association among men (Q4 vs Q1 OR, 1.48; 95%
CI, 0.82-2.66; P, = 0.53).

Nowell et al. (2002) conducted a hospi-
tal-based case-control study (155 cases, 380
population-based controls) in Arkansas and
Tennessee, USA, and reported a positive associ-
ation with total red meat cooked well/very well
done (Q4 vs Q1 OR, 4.36; 95% CI, 2.08-9.60).

They also reported a positive association with

estimated levels of MeIQx (Q4 vs Q1 OR, 4.09;
95% CI, 1.94-9.08). Estimates for total red meat,
without considering the cooking methods,
were not provided. [A limitation was the lack of
consideration of total energy adjustment, BMI,
smoking, alcohol, and dietary fibre. Results
reported on only one HAA, even though more
exposure estimates were available.]

(i) Studies considered less informative

The following case-control studies that
reported results for red meat and processed meat
combined were considered less informative by
the Working Group. The studies are presented
in order by sample size, from largest to smallest.

A case-control study was done in Scotland
by Theodoratou et al. (2008) (1656 hospital-based
cases, 2292 population-based controls). A vali-
dated FFQ was used to investigate gene—environ-
ment interactions between total red meat intake
(minced meat, sausages, burgers, beef, pork,lamb,
bacon, liver, gammon, liver sausage, liver paté,
haggis, black pudding) and two polymorphisms
in the APC gene (Aspl1822Val and Glul317Gln).
Overall, their findings suggested that, among
carriers of the APC 1822 variant, diets high in
total red meat may increase the risk of colorectal
cancer. [No main effects were presented for total
red meat.]

Bidoli et al. (1992) conducted a colorectal
case—control study in Italy (248 cases, 699
controls), and reported that a higher intake of
total red meat was associated with a higher risk
of both colon and rectal cancers (highest vs
lowest intake, colon cancer OR, 1.6; P,,.,, = 0.07;
rectal cancer OR, 2.0; P, = 0.01). [Several
limitations were noted, including lack of
adjustment for caloric intake, use of a non-val-
idated dietary instrument, and recruitment
of cases and controls from different hospitals,
which introduces potential selection bias.] A
companion study (Fernandez et al., 1997), previ-
ously described in Section 2.2.2(c), focusing on
subjects with a family history of cancer reported
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that, among participants with a positive family
history, total red meat intake was positively asso-
ciated with colorectal cancer (highest vs lowest
tertile OR, 2.9; 95% CI, 1.4-6.0; P,__. , < 0.05). [For
the limitations, refer to Section 2.2.2(c).]

(d) Red meat - unclear if processed meat was
included

The following studies were given little weight
in the evaluation. The studies are presented in
order by sample size, from largest to smallest.

A hospital-based case-control study by La
Vecchia et al. (1996) in Italy (1326 colorectal
cases, 2024 controls) reported a positive associ-
ation with both colon and rectal cancer using a
dichotomous variable for red meat (high vs low
OR for colon cancer, 1.6; 95% CI, 1.3-1.9; OR for
rectal cancer, 1.6; 95% CI, 1.3-2.0). [The limita-
tions were the lack of clear definition of red meat,
the use of a dichotomous variable, and the poten-
tial for partial overlap with studies that followed
from this group; specifically, this study recruited
from 1985 to 1992, and the follow-up study by Di
Maso et al. (2013) was from 1991 to 2009.]

A hospital-based study in France (Pays de la
Loire region) (1023 colorectal cancer cases with
a family history and young onset, 1121 controls)
(Kiiry et al., 2007) reported that an intake of
red meat > 5 times/week was associated with
a higher risk of colorectal cancers (OR, 2.81;
95% CI, 1.52-5.21; P = 0.001) compared with
an intake of red meat < 5 times/week. They
also examined gene—environment interactions
between red meat intake and polymorphisms
in cytochrome P450 genes (CYPIA2, CYP2EI,
CYPIBI, CYP2C9) and colorectal cancer risk,
with evidence of interaction for multiple combi-
nations of polymorphisms; however, confidence
intervals among high-red meat eaters were
very wide, and no formal test of interaction was
provided. [The Working Group concluded that
the crude assessment of meat intake based on one
question on a questionnaire and lack of detail on
which covariates were added to the final model,
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including total energy intake, were among the
limitations of this study.]

Moritaetal.(2009) conductedahospital-based
study in Fukuoka, Japan (685 cases, 833 popu-
lation-based controls), and reported a positive
association between red meat and colon cancer,
but only among carriers of one or two alleles for
the 96-bp insertion for CYP2EI (P, ,....cion = 0-03).
They did not report on the main effects of red
meat, only on gene- interaction analyses between
meat and these polymorphisms. [The Working
Group concluded that the main weakness was
the lack of presentation of the main effects of red
meat.]

A study conducted in the Liverpool post-
code area in the United Kingdom (Evans et al.
2002) (512 cases, 512 population-based controls)
reported a positive association between red meat
and colorectal cancer (highest vs lowest quar-
tile OR, 1.51; 95% CI, 1.06-2.15). Associations
appeared to be stronger for proximal cancers
(OR for proximal cancer, 3.32; 95% CI, 1.42-7.73;
OR for distal and rectal cancer, 1.38; 95%
CI, 0.89-2.12). [The Working Group concluded
that the key limitations of this study were lack
of consideration of potential confounders, pres-
entation of univariate analyses only, and unclear
definition of red meat.]

Three papers on a matched, hospital-based
case—control study from China (400 cases, 400
controls) (Hu et al., 2013, 2014, 2015) examined
gene—environment interactions between red
meat intake and different gene polymorphisms
associated with insulin resistance pathways,
focusing on adiponectin (ADIPOQ) rs2241766,
uncoupling protein 2 (UCP2) rs659366, and
fatty acid binding protein 2 (FABP2) rs1799883
(Hu et al., 2013); ADIPOQ 152241766, ADIPOQ
rs1501299, and calpain 10 (CAPN-10) rs3792267
(Huetal.,2015); and CAPN-10 SNP43 and SNP19
polymorphisms (Hu et al., 2014). A statistically
significant positive association between red meat
intake and colorectal cancer risk was observed
(high vs low, > 7 vs < 7 times/week, OR, 1.87; 95%
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CI, 1.39-2.51) (Hu et al., 2013). [The Working
Group concluded that lack of a validated dietary
instrument, crude assessment of meat intake,
lack of a clear definition of red meat, potential
for residual confounding, and especially, lack of
adjustment for total energy intake were among
the main limitations of the study.]

The study by Rosato et al. (2013) (329 cases,
1361 controls), described in Section 2.2.2(c),
also reported on red meat intake. They reported
no association between red meat and risk of
colorectal cancer (highest vs lowest tertile OR for
red meat, 1.07; 95% CI, 0.79-1.64; P,,., = 0.63).
[No definition was provided for red meat. For
additional limitations, refer to Section 2.2.2(c).]

A hospital-based study conducted in Uruguay
(De Stefani et al., 1997) (250 colorectal cases, 500
controls) reported positive associations between
red meat and colorectal cancer (OR, 2.60; 95%
CI, 1.64-4.13), with similar estimates for men
and women. Similarly, a positive association was
reported for beef (OR, 3.88; 95% CI, 2.34-6.45),
but not for lamb. Estimates of HAAs were also
provided, showing statistically significant asso-
ciations with PhIP, MelQx, and DiMelQx. [The
Working Group concluded that the limitations
included concerns about hospital-based controls
and lack of adjustment for energy intake.]

Ahospital-based case—control study was done
in Singapore (Lee et al., 1989) (203 colorectal
cancer cases, 425 controls), and reported no
statistically significant associations between
red meat intake and risk of colorectal, colon, or
rectal cancers. For the highest compared with
the lowest tertile, the odds ratios were 1.29 (95%
CI, 0.84-1.97) for colorectal cancer, 1.41 (95%
CI, 0.87-2.31) for colon cancer, and 0.97 (95%
CI, 0.48-1.92) for rectal cancer (all P, > 0.05).
[The Working Group concluded that no adjust-
ment for total energy intake and other potential
confounders were among the limitations.]

A population-based study of colorectal cancer
was done by Saebo et al. (2008) (198 cases, 222
controls), and reported a non-significant positive

association between red meat and colorectal
cancer (T3 vs T1 OR, 1.58;95% CI, 0.71-3.47). No
association was found when the doneness level
was considered. Interactions with CYPIA2 poly-
morphism were also examined, without conclu-
sive results. [The Working Group concluded
that the limitations included unclear details of
the questionnaire used; lack of consideration of
appropriate confounders, such as total energy
intake; and unclear definition of red meat.]

A hospital-based study conducted in Jordan
(Abu Mweis et al., 2015) (167 cases, 240 controls)
reported a non-statistically significant inverse
association between red meat and colorectal
cancer risk (OR for > 1 vs < 1 serving/week,
0.64; 95% CI, 0.37-1.11). [The Working Group
concluded that the choice of the control popu-
lation, limited sample size, lack of definition of
the red meat variable, and crude categorization
of exposure were among the limitations of this
study.]

Seow et al. (2002) reported results from a
hospital-based colorectal case-control study
done in Singapore (121 cases, 222 popula-
tion-based controls), and reported a positive asso-
ciation between red meat portions per year and
colorectal cancer (highest vs first tertile OR, 2.2;
95% CI, 1.1-4.2). They also reported results strat-
ified by total vegetable intake and reported that
results for red meat were stronger among individ-
uals with a low intake of vegetables; however, no
test of heterogeneity was provided. [The Working
Group concluded that the main weaknesses of
this study were the limited dietary assessment
and lack of proper consideration of total energy
intake.]

(e)  Cooking practices

Most meat products require cooking for
consumption. In spite of this, only a subset of
studies distinguished meat types by cooking
method and/or doneness level, limiting the eval-
uation of more specific categories of meat.
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When considering red meat, among the
studies previously reviewed, there were four
studies that reported on cooking practices
in relation to colorectal cancer risk (Barrett
et al., 2003; Navarro et al., 2004; Miller et al.,
2013; Joshi et al., 2015), four studies on colon
cancer risk (Gerhardsson de Verdier et al., 1991;
Kampman et al., 1999; Miller et al., 2013; Joshi
etal.,2015), and four studies on rectal cancer risk
(Gerhardsson de Verdier et al., 1991; Murtaugh
et al., 2004; Miller et al., 2013; Joshi et al., 2015).
For colorectal cancer risk, data were available
from two of the largest population-based case-
control studies (Joshi et al., 2015; Miller et al.,
2013), which reported on a combined total of
4312 cases ascertained from the USA and
Canada. These two studies considered separate
cooking methods (pan-frying, broiling, grilling/
barbecuing), and both reported positive associ-
ations with pan-frying; pan-fried beef steak (Q4
vs Q1 OR, 1.3; 95% CI, 1.1-1.5) was reported by
Joshi et al. (2015), and pan-fried red meat (Q5
vs Q1L OR, 1.26; 95% ClI, 0.93-1.70) was reported
by Miller et al. (2013). Overall, of the seven
studies that reported on red meat cooking prac-
tices and colorectal, colon, or rectal cancer, six
reported positive associations with red meat
when high-temperature methods and/or done-
ness levels were considered.

There were additional studies that consid-
ered red meat and processed meats combined in
relation to colorectal cancer risk (Le Marchand
et al., 2002b; Nowell et al., 2002; Cotterchio
et al., 2008; Joshi et al., 2009; Squires et al., 2010;
Tabatabaei et al., 2011), colon cancer risk (Le
Marchand et al., 2002b; Butler et al., 2003; Joshi
et al., 2009), and rectal cancer risk (Joshi et al.,
2009). Overall, of the seven studies that reported
on cooking practices and colorectal cancer, colon
cancer, or rectal cancer, five reported associa-
tions with high-temperature cooking methods
and/or doneness levels. Of these studies, the only
one that looked at cooking methods in detail was
Butler et al. (2003), which was in agreement with
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the studies by Joshi et al. (2015) and Miller et al.
(2013) previously described for red meat (only),
and reported a positive association with pan-fried
red meat (OR, 2.0; 95% CI, 1.4-3.0) in addition to
well-done red meat (OR, 1.7; 95% CI, 1.2-2.5).

2.2.3 Meta-analyses

High intakes of red meat and processed meats
were associated with a moderate, but signifi-
cant, increase in colorectal cancer risk in several
meta-analyses conducted before 2010 (Sandhu
et al., 2001; Norat et al., 2002; Larsson et al.,
2006; Huxley et al., 2009). The results of more
recent meta-analyses of the associations between
colorectal cancer and consumption of unpro-
cessed red meat and processed meat, as well as
specific meat types, haem iron, and genetic inter-
actions with red and processed meat intake are
described here.

In all meta-analyses, similar methods were
used to derive summary estimates of dose-
response and relative risks for the highest
compared with the lowest intake categories.
In most analyses, significant associations were
observed for all prospective studies combined.
However,becausethemagnitudesofthesummary
associations were moderate to small, the statis-
tical significance was often lost in subgroup
analyses with fewer studies. In addition, some
inconsistencies in the results remained unex-
plained, as the relatively low number of studies in
each subgroup did not allow for extensive explo-
ration of all potential sources of heterogeneity.

Chan et al. (2011) summarized the results of
prospective studies on red and processed meat
and colorectal cancer risk for the World Cancer
Research Fund/American Institute of Cancer
Research (WCRF/AICR) Continuous Update
Project. For red meat, the relative risks for the
highest compared with the lowest intake were
1.10 (95% CI, 1.00-1.21; 1> = 22%; 12 studies) for
colorectal cancer, 1.18 (95% CI, 1.04-1.35; 12 = 0%;
10 studies) for colon cancer, and 1.14 (95% CI,
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0.83-1.56; I2 = 38%; 7 studies) for rectal cancer.
Within the colon, the summary risk for increase
of cancer was 13% for proximal colon cancer
and 57% for distal colon cancer, but the associa-
tions were not significant. The relative risk for an
increase of 100 g/day of red meat was 1.17 (95%
CI, 1.05-1.31; 8 studies) for colorectal cancer, 1.17
(95% CI, 1.02-1.33; 10 studies) for colon cancer,
and 1.18 (95% CI, 0.98-1.42; 7 studies) for rectal
cancer. For processed meats, the relative risk
for the highest compared with the lowest intake
was 1.17 (95% CI, 1.09-1.25; I2 = 6%; 13 studies)
for colorectal cancer, 1.19 (95% CI, 1.11-1.29;
I2 = 0%; 11 studies) for colon cancer, and 1.19
(95% CI, 1.02-1.39; 12 = 20%; 9 studies) for rectal
cancer. Within the colon, the summary risk for
increase of cancer was 4% for proximal colon
cancer and 20% for distal colon cancer, but the
associations were not significant (five studies in
the analyses). The relative risks for an increase of
50 g/day were 1.18 (95% CI, 1.10-1.28; I> = 12%;
9 studies) for colorectal cancer, 1.24 (95% CI,
1.13-1.35; I2 = 0%; 10 studies) for colon cancer,
and 1.12 (95% CI, 0.99-1.28; 1> = 0%; 8 studies)
for rectal cancer.

The most recent, comprehensive meta-ana-
lysis of colorectal cancer and meat consump-
tion included data from 27 prospective cohort
studies, published in the English language and
identified through 2013 (Alexander et al., 2015).
Statistical analyses were based on comparisons
of the highest intake category with the lowest
intake category. Intake levels in these catego-
ries varied across studies. Linear dose-response
slopes were derived from categorical meta-anal-
yses of two subgroups, based on the units of red
meat intake reported by the studies (grams or
servings). Random effect models were used. The
summary relative risk of colorectal cancer for
the highest compared with the lowest intake of
red meat and processed meat was 1.11 (95% CI,
1.03-1.19; I* = 33.6%; P = 0.014). Heterogeneity
was reduced when the analysis was restricted to
studies on (unprocessed) red meat. The summary

relative risk for those 17 studies was 1.05 (95% CI,
0.98-1.12; I> = 8.4%; P = 0.328).

In analyses by cancer site, the association was
significant with no heterogeneity for the colon
(RR, 1.11; 95% CI, 1.04-1.18; 16 studies), and
not significant with high heterogeneity for the
rectum (RR, 1.17; 95% CI, 0.99-1.39; 12 = 51.97%;
13 studies). When the analyses were restricted
to studies of (unprocessed) red meat, there was
no evidence of heterogeneity across studies
(RR, 1.06; 95% CI, 0.97-1.16; 11 studies) for colon
cancer and 1.03 (95% CI, 0.88-1.21; 10 studies) for
rectal cancer.

Stronger but more heterogeneous associ-
ations were observed in studies conducted in
North America compared with studies published
in other countries. The weakest associations were
observed in Asian studies, where meat intake is
lower than in North America and Europe.

In the dose-response analysis, the relative
risks were 1.02 (95% CI, 1.00-1.14; 10 studies) for
1 serving/day increase, and heterogeneity was
moderate to low (I2 = 26.5%), and 1.05 (95% CI,
0.97-1.13; 13 studies) for each 70 g/day increase.

Alexander et al. (2015) did not investi-
gate processed meats. However, in an earlier
meta-analysis, Alexander et al. (2010) reported
the relative risks for the highest compared with
the lowest intake of processed meat as 1.16 (95%
CL 1.10-1.23;5 Py ierogenciry = 0-556; 20 studies) for
any colorectal cancer, 1.19 (95% CI, 1.10-1.28;
12 studies) for colon cancer, and 1.18 (95% CI,
1.03-1.36; 8 studies) for rectal cancer. The rela-
tive risk of any colorectal cancer was 1.10 (95%
CI, 1.05-1.15; 9 studies) for an increase of 30 g of
processed meatintakeand 1.03 (95% CI, 1.01-1.05;
6 studies) for each serving per week intake.

[The Working Group noted that there was
no significant evidence of publication bias. The
pooled analyses of the GECCO study, which
included some cohorts included in the meta-ana-
lysis, did not find an association between red
and processed meats and colorectal cancer. The
Danish Diet, Cancer and Health study (Egeberg
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et al., 2013), in which red and processed meats
were not related to colorectal cancer risk, was
published after the preparation of the meta-ana-
lysis,and therefore wasnotincluded. The Japanese
study by Takachi et al. (2011) was included in
Alexander et al. (2015), but was published after
the end of the search for the meta-analysis by
Chan et al. (2011).]

The statistical methods used by Alexander
et al. (2015) and Chan et al. (2011) were similar.
However, Chan et al. (2011) rescaled times
consumed or servings to grams of intake using
values reported in the studies, or standard
portion sizes of 120 g for red meat and 50 g for
processed meat, following the methodology of
the WCRF/AICR second expert report. [The
Working Group noted that the rescaling may
have increased the measurement error of the
diet in the rescaled studies, but allowed for the
inclusion of all studies in the analyses. Chan et al.
(2011) reported that the summary risk estimate
in the studies using serving as the intake unit was
lower than that in the studies using grams (same
finding in Alexander et al. (2010) for processed
meats). It is possible that the rescaling of the
intake may have attenuated the observed associa-
tion. Another difference between the meta-anal-
yses is that Chan et al. (2011) grouped the studies
according to exposure: red and processed meats,
red meats (unprocessed), and processed meats.]

A meta-analysis of six Japanese cohort studies
reported no significant associations between total
and specific meat types and colorectal cancer risk
(Phametal.,2014). For red meat consumption, the
summary relative risk estimates for the highest
compared with the lowest intake in the studies
were 1.20 (95% CI, 1.00-1.44; 4 cohort studies)
for colon cancer and 0.95 (95% CI, 0.71-1.28; 3
studies) for rectal cancer. For processed meats, the
summary relative risks for the same comparison
were 1.18 (95% CI, 0.92-1.53; 4 studies) for colon
cancer and 0.94 (95% CI, 0.72-1.21; 3 studies)
for rectal cancer. When the authors combined
the results of the cohort studies with those of 13
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case—control studies, the summary relative risks
for red meat were 1.16 (95% CI, 1.001-1.34) and
1.21 (95% CI, 1.03-1.43) for colorectal and colon
cancer, respectively, and those for processed
meat consumption were 1.17 (95% CI, 1.02-1.35)
and 1.23 (95% CI, 1.03-1.47) for colorectal and
colon cancer, respectively.

Another meta-analysis of prospective studies
summarized the associations between types of
red meats and risk of colorectal cancer (Carretal.
2016). The meta-analysis included one study from
the Netherlands, one from Denmark, two from
Japan, and the 10 European cohorts participating
in the EPIC study. For the highest compared with
the lowest intake of beef, the summary relative
risks were 1.11 (95% CI, 1.01-1.22), 1.24 (95%
CI, 1.07-1.44), and 0.95 (95% CI, 0.78-1.16) for
colorectal, colon, and rectal cancer, respectively.
Higher consumption of lamb was also associ-
ated with an increased risk of colorectal cancer
(RR, 1.24; 95% CI, 1.08-1.44). No association was
observed for pork (RR, 1.07; 95% CI, 0.90-1.27).

Qiao & Feng (2013) summarized the results
of eight prospective studies on haem iron intake.
The summary relative risk of colorectal cancer
for the highest versus the lowest intake was 1.14
(95% CI, 1.04-1.24). The observed associations
were not significantly modified by cancer site or
sex. In the dose-response analyses, the summary
relative risk was 1.11 (95% CI, 1.03-1.18) for an
increment of haem iron intake of 1 mg/day.

In another meta-analysis, people with the
NAT? fast acetylator phenotype who consumed
a high intake of total meat had a statistically
non-significant increased risk of colorectal
cancer compared with slow acetylators who
consumed a low intake of total meat (4 cohorts;
P, ....ciion = 0.07) (Andersen et al., 2013). No inter-
action with the NATI phenotype was observed
(cohort studies) on the multiplicative scale.
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