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NOTE TO THE READER
The term ‘carcinogenic risk’ in the IARC 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 IARC 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 available, and IARC began to consider means of
obtaining international expert opinion on this
topic. In 1970, the IARC 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 IARC Governing Council adopted a resolution concerning the role of IARC in providing
government authorities with expert, independent, 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, physical and biological agents and lifestyle factors. In
1988, the phrase ‘of chemicals’ was dropped from
the title, which assumed its present form, IARC
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 established. 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 demographics 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 agencies have been able, on scientific grounds, to take
measures to reduce human exposure to carcinogens 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 principles are not specified in detail. They usually
involve operations that have been established
as being effective during previous Monograph
meetings but remain, predominantly, the prerogative 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 incidence 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 behavioural practices, biological organisms and physical 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 carcinogenic effects expected from exposure to a cancer
hazard. The Monographs are an exercise in evaluating cancer hazards, despite the historical presence 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 understood 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, as long 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 experimental 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 information 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 assessments, formulate decisions concerning preventive measures, provide effective cancer control
programmes and decide among alternative
options for public health decisions. The evaluations 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 experimental animals.
The scientific literature is surveyed for
published data relevant to an assessment of
carcinogenicity. Ad hoc Advisory Groups
convened by IARC in 1984, 1989, 1991, 1993, 1998
and 2003 made recommendations as to which
agents should be evaluated in the Monographs
series. Recent recommendations are 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 agencies identify an urgent public health need related
to cancer.
As significant new data become available on
an agent for which a Monograph exists, a re-evaluation may be made at a subsequent meeting, and
a new Monograph published. In some cases it may
be appropriate to review only the data 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 that a
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 epidemiological studies and cancer bioassays in experimental 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 relevant data, only reports that have been published
or accepted for publication in the openly available
scientific literature are reviewed. The same publication requirement applies to studies originating
from IARC, including meta-analyses or pooled
analyses commissioned by IARC in advance of
a meeting (see Part B, Section 2c). Data from
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 properties, 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 acceptance 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 developed during the meeting. The tasks of Working
Group Members are: (i) to ascertain that all
appropriate data have been collected; (ii) to
select the data 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 mechanisms 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 scientific findings and views.

(b)

Invited Specialists

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

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

(d)

Observers with relevant scientific
credentials

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

(e)

The IARC Secretariat

The IARC Secretariat consists of scientists
who are designated by IARC and who have relevant 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 potential 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 determine whether there is a conflict that warrants
some limitation on participation. The declarations
are updated and reviewed again at the opening
of the meeting. Interests related to the subject of
the meeting are disclosed to the meeting participants 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 principal affiliations, at the beginning of each volume.
Each participant who is a Member of a Working
Group serves as an individual scientist and not as
a representative of any organization, government
or industry.

6.

Working procedures

A separate Working Group is responsible
for developing each volume of Monographs. A
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 staff 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
13
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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 governmental, trade and market research publications
and, in some cases, by direct contact with industries. Separate production data on some agents
may not be available for a variety of reasons (e.g.
not collected or made public in all producing
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 exposure data, cancer in humans, cancer in experimental animals, and mechanistic and other
relevant data) review the working papers, develop
a joint subgroup draft and write 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 supplementary 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 exposures, physical and biological agents, lifestyle
factors and other potentially carcinogenic exposures. 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 information on the agent: this information may
vary substantially between agents and must be
adapted accordingly. Also included is information 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
list is not necessarily comprehensive. Information
on chemical and physical properties that are relevant to identification, occurrence and biological
activity is included. A description of technical
products of chemicals includes trade names,
relevant specifications and available information on composition and impurities. Some of the
trade names given may be those of mixtures in

which the agent being evaluated is only one of
the ingredients.
For biological agents, taxonomy, 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 information 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.
The countries where companies report production 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, persistence 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 exposure, 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 distributed widely and may be available from government 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 occupations, a historical description is also given, noting
variations in chemical composition, physical
properties and levels of occupational exposure
16

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 modified. 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 epidemiological 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 intervention 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 individual 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 investigation 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 population 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 ascertainment of cases in any population, definition or
enumeration of the population at risk and estimation of the expected number of cases in the
absence of exposure.
The uncertainties that surround the interpretation 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 judgement 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 carcinogenicity 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 considerations 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 exposure 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
17
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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 investigated 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 collection, 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.
IARC may commission a meta-analysis or
pooled analysis that is pertinent to a particular
Monograph (see Part A, Section 4). Additionally,
as a means of gaining insight from the results of
multiple individual studies, ad hoc calculations
that combine data from different studies may
be conducted by the Working Group during the
course of a Monograph meeting. The results of
such original calculations, which would be specified in the text by presentation in square brackets,
might involve updates of previously conducted
analyses that incorporate the results of more
recent studies or de-novo analyses. Irrespective
of the source of data for the meta-analyses and
pooled analyses, it is important that the same
criteria for data quality be applied as those that
would be applied to individual studies and to
ensure also that sources of heterogeneity between
studies be taken into account.

(d)

Temporal effects

Detailed analyses of both relative and absolute risks in relation to temporal variables, such
as age at first exposure, time since first exposure, duration of exposure, cumulative exposure, peak exposure (when appropriate) and
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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 mechanisms of carcinogenesis.

(e)

Use of biomarkers in epidemiological
studies

Biomarkers indicate molecular, cellular or
other biological changes and are increasingly
used in epidemiological studies for various
purposes (IARC, 1991; Vainio et al., 1992; Toniolo
et al., 1997; Vineis et al., 1999; Buffler et al., 2004).
These may include evidence of exposure, of early
effects, of cellular, tissue or organism responses,
of individual susceptibility or host responses,
and inference of a mechanism (see Part B, Section
4b). This is a rapidly evolving field that encompasses 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 demonstrated 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 epidemiological 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 judgement, the Working Group considers several
criteria for causality (Hill, 1965). A strong association (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 methodologically less sound.
If the risk increases with the exposure, this is
considered to be a strong indication of causality,
although the absence of a graded response is not
necessarily evidence against a causal relationship. The demonstration of a decline in risk after
cessation of or reduction in exposure in individuals 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, carcinogenicity may be evident through the causation of
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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 epidemiological observations.
Although rarely available, results from randomized 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 sufficient degree, the standards of design and analysis 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 sufficient 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 development 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

All known human carcinogens that have been
studied adequately for carcinogenicity in experimental 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 biologically plausible that agents for which there is sufficient 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 carcinogenic 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 longterm 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 available. Animal species, strain (including genetic
background where applicable), sex, numbers per
group, age at start of treatment, route of exposure, dose levels, duration of exposure, survival
and information on tumours (incidence, latency,
severity or multiplicity of neoplasms or preneoplastic lesions) are reported. Those studies in
experimental animals that are judged to be irrelevant 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 experiments have been published (e.g. OECD, 2002).
Other studies considered may include: experiments in which the agent was administered in
the presence of factors that modify carcinogenic
effects (e.g. initiation–promotion studies, co-carcinogenicity studies and studies in 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 administered 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 constituents 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 evaluated 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).

(a)

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 interpretation 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 observation was adequate; and (ix) whether the data were
reported and analysed adequately.
When benign tumours (a) occur together
with and originate from the same cell type as
malignant tumours in an organ or tissue in a
particular study and (b) appear to represent a
stage in the progression to malignancy, they are
usually combined in the assessment of tumour
incidence (Huff 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
can vary widely, depending on the particular agent
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 relationship (Hoel et al., 1983; Gart et al., 1986),
as could saturation of processes such as DNA
repair. The dose–response relationship can also
be affected by differences in survival among the
treatment groups.

(c)

Statistical analyses

Factors considered include the adequacy of
the information given for each treatment group:
(i) number of animals studied and number examined 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 techniques 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 appropriate 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-related 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 indication of the time of tumour onset and can be
assessed using life-table methods; non-fatal or
incidental tumours that do not affect survival can
be assessed using methods such as the MantelHaenzel 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 developed to incorporate historical control data into the
analysis of data from a given experiment. These
methods assign an appropriate weight to historical and concurrent controls on the basis of the
extent of between-study and within-study variability: less weight is given to historical 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
within the range of historical controls, particularly
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when historical controls show high betweenstudy variability and are, thus, of little relevance
to the current experiment. In analysing results
for uncommon tumours, however, the analysis 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 analyses 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 relevant 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 carcinogenesis, susceptible individuals, populations and
life-stages, other relevant data and other adverse
effects. When data on biomarkers are informative about the mechanisms of carcinogenesis,
they are included in this section.
These topics are not mutually exclusive; thus,
the same studies may be discussed in more than

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

(a)

Toxicokinetic data

Toxicokinetics refers to the absorption,
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, biopersistence 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 relationship between exposure and the dose that
reaches the target site may be important for the
extrapolation of hazards between species and in
clarifying the role of in-vitro findings.

(b)

Data on mechanisms of carcinogenesis

To provide focus, the Working Group
attempts to identify the possible mechanisms by
which the agent may increase the risk of cancer.
For each possible mechanism, a representative
selection of key data from humans and experimental 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-related modifications to the physiology and/or
response of cells, tissues and organs. Examples
of potentially adverse physiological changes
include mitogenesis, compensatory cell division,
escape from apoptosis and/or senescence, presence of inflammation, hyperplasia, metaplasia
and/or preneoplasia, angiogenesis, alterations in
cellular adhesion, changes in steroidal hormones
and changes in immune surveillance.
(ii)

Functional changes at the cellular level

Functional changes refer to exposure-related alterations in the signalling pathways used
by cells to manage critical processes that are
related to increased risk for cancer. Examples
of functional changes include modified activities of enzymes involved in the metabolism
of xenobiotics, alterations in the expression
of key genes that regulate DNA repair, alterations 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 transcription and changes in gap–junction-mediated
intercellular communication.
(iii)

Changes at the molecular level

Molecular changes refer to exposure-related
changes in key cellular structures at the molecular level, including, in particular, genotoxicity.
Examples of molecular changes include formation 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 identification of a carcinogenic hazard is specific to the
mechanism being addressed and is not readily
24

described for every possible level and mechanism
discussed above.
Genotoxicity data are discussed here to illustrate 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 mutation 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 phylogenetic 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 involvement of metabolic activation. Some end-points
described are clearly genetic in nature (e.g. gene
mutations), while others are associated with
genetic effects (e.g. unscheduled DNA synthesis).
In-vitro tests for tumour promotion, cell transformation and gap–junction intercellular communication may be sensitive to changes that are not
necessarily the result of genetic 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-mediated effects, cellular toxicity with regenerative
cell division, peroxisome proliferation) (Vainio
et al., 1992). Factors that may give misleading
results in short-term tests have been discussed
in detail elsewhere (Montesano et al., 1986;
McGregor et al., 1999).
When there is evidence that an agent acts by
a specific mechanism that does not involve genotoxicity (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 expression of viruses, and genetic alterations seen in
human tumours. Other observations that might
comprise cellular and tissue responses to infection, immune response and the presence of
tumour markers are also considered.
For physical agents that are forms of radiation, 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 highthroughput data, such as those that result from
testing hundreds of agents for a single end-point,
pose a unique problem for the use of mechanistic data in the evaluation of a carcinogenic
hazard. In the case of high-output data, there is
the possibility to overinterpret changes in individual 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 with linked transcriptional control). High-output data can be used in
assessing mechanisms, but all end-points measured in a single experiment need to be considered
in the proper context. For high-throughput data,
where the number of observations far exceeds
the 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 carcinogenesis and other factors. Examples of host and
genetic factors that affect individual 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, differences in DNA repair capacity, competition for
or alteration of metabolic capacity by medications 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 laboratory 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 physiology that could lead to tumour development, are
emphasized. Effects on reproduction, embryonic
and fetal survival and development are summarized 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 workplace and environment and measurements in
human tissues and body fluids. Quantitative
data and time trends are given to compare
exposures in different occupations and environmental settings. Exposure to biological agents is
described in terms of transmission, prevalence
and persistence of infection.

(b)

Cancer in 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 carcinogenicity in animals are summarized. For each
animal species, study design and route of administration, it is stated whether an increased incidence, 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 quantitative data are also summarized.
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(d)

Mechanistic and other relevant data

Data relevant to the toxicokinetics (absorption, distribution, metabolism, elimination) and
the possible mechanism(s) of carcinogenesis (e.g.
genetic toxicity, epigenetic effects) are summarized. In addition, information on susceptible
individuals, populations and life-stages is
summarized. This section also reports on other
toxic effects, including reproductive and developmental 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 experimental 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 evaluation of carcinogenicity. In considering all of
the relevant scientific data, the Working Group
may assign the agent to a higher or lower category 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 physically, 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 exposure 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 separate 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 carcinogenicity 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 carcinogenesis. In the absence of data from conventional
long-term bioassays or from assays with neoplasia
as the end-point, consistently positive results in
several models that address several stages in the
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 uncertain 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 carcinogenic. A conclusion of evidence suggesting lack
of carcinogenicity is inevitably limited to the
species, tumour sites, age at exposure, and conditions 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 evaluation is highlighted. This may include data on
preneoplastic lesions, tumour pathology, genetic
and related effects, structure–activity relationships, metabolism and toxicokinetics, physicochemical parameters and analogous biological
agents.
The strength of the evidence that any carcinogenic effect observed is due to a particular mechanism 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 operates in humans derive from data on humans
or biological specimens obtained from exposed
humans. The data may be considered to be especially 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 experimental systems, by the demonstration of biological plausibility and by coherence of the overall
database. Strong support can be obtained from
studies that challenge the hypothesized mechanism 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 development, whether different mechanisms might
operate in different dose ranges, whether separate mechanisms might operate in humans and

experimental animals and whether a unique
mechanism might operate in a susceptible group.
The possible contribution of alternative mechanisms 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 occupational 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 materials 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 indicate that other related agents, for which there is no
direct evidence of their capacity to induce cancer
in humans or in animals, may also be carcinogenic, a statement describing the rationale for
this conclusion is added to the evaluation narrative; an additional evaluation may be made for
this broader group of agents if the strength of the
evidence warrants it.
The agent is described according to the
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 sufficient 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 sufficient 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 carcinogenicity 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 epidemiological and experimental evidence of carcinogenicity 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 sufficient evidence of carcinogenicity in experimental
animals. In some cases, an agent may be classified in this category when there is inadequate
evidence of carcinogenicity in humans and sufficient evidence of carcinogenicity in experimental
animals and strong evidence that the carcinogenesis 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 sufficient 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 experimental 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 determination 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 inadequate 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 statements of the principal line(s) of argument that
emerged, the conclusions of the Working Group
on the strength of the evidence for each group
of studies, citations to indicate which studies
were pivotal to these conclusions, and an explanation of the reasoning of the Working Group
in weighing data and making evaluations. When
there are significant differences of scientific
interpretation among Working Group Members,
a brief summary of the alternative interpretations is provided, together with their scientific
rationale and an indication of the relative degree
of support for each alternative.
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GENERAL REMARKS
This one-hundred-and-thirteenth volume of the IARC Monographs contains evaluations
of the carcinogenic hazard to humans of three pesticides: DDT, lindane, and 2,4-D. DDT
(1,1′-(2,2,2-trichloro-ethylidene)bis(4-chlorobenzene)) and lindane (γ-hexachlorocyclohexane) belong to the family of organochlorine insecticides and 2,4-D (2,4-dichlorophenoxyacetic acid) is a chlorophenoxy herbicide. Organochlorine pesticides were accorded
priority for evaluation in the IARC Monographs programme by an Advisory Group that met
in 2014 (Straif et al., 2014). A systematic and objective approach using chemoinformatics,
database integration, and automated text mining (Guha et al., 2016) also informed selection of the agents evaluated in this volume. A summary of the findings of this volume
appears in The Lancet Oncology (Loomis et al., 2015).

DDT and lindane
DDT is one of the best known and most
studied chemicals of environmental concern. It
was introduced as an insecticide in the 1940s
and came into widespread use for disease vector
control and agriculture after the Second World
War. DDT was an important tool in national
and international efforts to eradicate malaria,
including the WHO Global Programme for
Malaria Eradication; spraying with DDT has
been credited with helping to reduce the worldwide burden of malaria. However, by the 1960s
concerns began to emerge because of the environmental persistence of DDT and its adverse
effects on wildlife, and by the 1970s experimental
data from studies in experimental animals
began to suggest that organochlorine pesticides,
including DDT, might have carcinogenic activity.
Based largely on these data, the carcinogenicity
of DDT was reviewed by the Working Group
early in the history of the IARC Monographs

in Volume 5, Some organochlorine pesticides
(IARC, 1974), and again in Supplement 7 and
Volume 53 (IARC, 1987; 1991). In these evaluations, data from experimental animals provided
sufficient evidence of carcinogenicity, while the
data from humans provided inadequate evidence
(IARC, 1987; 1991), resulting in a classification of
possibly carcinogenic to humans (Group 2B). Most
uses of DDT other than limited indoor spraying
for malaria control are now severely restricted
because of its persistence and environmental
effects. Nevertheless, DDT is still detectable in
the environment, in food, and in the blood and
adipose tissue of people and animals worldwide.
Lindane is the γ isomer of hexachlorocyclohexane; it is the only isomer of that series
with insecticidal properties, although other
forms, notably the more stable α and β isomers,
can be present in technical-grade lindane and
are sometimes measured as surrogate indicators
of exposure to lindane. Like DDT, lindane was
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commercialized as an insecticide in the 1940s
and is now largely banned due to its toxicity.
It was used mainly in agriculture, with use
peaking in the 1950s. Lindane was first evaluated for carcinogenicity in Volume 5 of the IARC
Monographs, and was re-evaluated in Volume
20 and Supplement 7; in all of these evaluations,
lindane was considered within the class of hexachlorocyclohexanes, which were classified as
possibly carcinogenic to humans (Group 2B).
Although active use of DDT and lindane has
greatly diminished, research into their carcinogenicity has continued, and new epidemiological
and mechanistic data have become available
since these compounds were last evaluated by the
Working Group. This new research and continuing exposure to DDT justify re-evaluation of
the carcinogenicity of both pesticides.

2,4-D
Like the other pesticides evaluated in this
volume, 2,4-D was introduced in the 1940s and
saw increasing use in the ensuing decades. By
the 1960s, it was one of the most widely used
herbicide active ingredients. Besides its use in
agriculture, during the war in Viet Nam 2,4-D
was mixed with another chlorophenoxy herbicide, 2,4,5-T (2,4,5-trichlorophenoxyacetic acid)
to produce agent orange that was used extensively as a defoliant by the United States military.
2,4-D continues to be used in substantial quantities, primarily in agriculture, and mixtures of
2,4-D and other active ingredients, including
glyphosate, have recently been approved for
use to combat weeds that are resistant to other
herbicides.
The carcinogenicity of 2,4-D was first evaluated by the Working Group in Volume 15 of
the IARC Monographs (IARC, 1977) and in
Supplement 4 (IARC, 1982), when the evidence
for carcinogenicity in humans and animals was
found to be inadequate. When next evaluated
in Volume 41 and Supplement 7 (IARC, 1986;
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1987), 2,4-D was considered with the class of
chlorophenoxy herbicides, which included
several other compounds in addition to 2,4-D
and 2,4,5-T. By that time, it had been recognized
that commercial preparations of chlorophenoxy
herbicides, particularly 2,4,5-T, were frequently
contaminated with dibenzodioxins and dibenzofurans, so the evaluations of the chemical class
were largely focused on the dioxins, which were
subsequently classified as carcinogenic to humans
(Group 1). Since those evaluations, the dioxin
content of chlorophenoxy herbicide formulations
has been reduced and epidemiological studies of
2,4-D independently from dioxin and related
herbicides have been conducted. In the present
re-evaluation the Working Group sought to
use the available data on 2,4,-D to disentangle
its effects from those of associated agents. Data
on 2,4,5-T, dioxin or the class of chlorophenoxy
herbicides alone were therefore not considered.

Evaluation of pesticides
In evaluating the agents in this volume, the
Working Group took into account several challenges that are particular to research on the
carcinogenicity of pesticides.
As intentionally toxic substances, pesticides
are subject to licensing and regulation, and these
are generally directed towards active pesticide
ingredients. For this reason, most experimental
studies of pesticides evaluate these active ingredients as single substances. However, many pesticides, including lindane and 2,4-D, are marketed
as commercial formulations that contain other
substances in addition to the active ingredients.
Consequently, epidemiological studies on pesticides almost always concern people who have
been occupationally or environmentally exposed
to commercial products, rather than to single
substances. The Working Group considered such
differences in the epidemiological and experimental data in reaching an overall evaluation.

General remarks
The assessment of exposure to pesticides
presents further challenges. The epidemiological
studies reviewed in this volume included both
studies of cancer among workers exposed occupationally to pesticides and studies of cancer
risks associated with pesticide exposures in the
population at large. These exposures may be
assessed using one of two general approaches
based either on questionnaires or on quantitative
measurement of pesticides or their metabolites
in biological samples from study subjects. Both
types of exposure data were available for DDT
and lindane, while only questionnaire-based
assessments were available for 2,4-D. Although
biologically based measurements are objective
and quantitative, they are not necessarily superior to traditional methods, as they are potentially
subject to bias related to inter- and intra-individual variability. The Working Group took both
types of data into account in its evaluations.
In its evaluation of data on the mechanisms of
cancer, the Working Group continued the procedures introduced in Volume 112 for assessing
the strength of evidence with respect to 10 key
characteristics of carcinogens (Smith et al., 2016)
and of reviewing data from large-scale toxicity
testing programmes (IARC, 2017).

References
Guha N, Guyton KZ, Loomis D, Barupal DK (2016).
Prioritizing chemicals for risk assessment using
chemoinformatics: examples from IARC Monographs
on pesticides. Environ Health Perspect, 124(12):1823–9.
doi:10.1289/EHP186 PMID:27164621
IARC (1974). Some organochlorine pesticides. IARC
Monogr Eval Carcinog Risk Chem Man, 5:1–241.
Available
from:
http://monographs.iarc.fr/ENG/
Monographs/vol1-42/mono5.pdf
IARC (1977). Some fumigants, the herbicides 2,4-D
and 2,4,5-T, chlorinated dibenzodioxins and miscellaneous industrial chemicals. IARC Monogr Eval
Carcinog Risk Chem Man, 15:1–354. Available from:
http://monographs.iarc.fr/ENG/Monographs/vol1-42/
mono15.pdf PMID:330387

IARC (1982). Chemicals, industrial processes and
industries associated with cancer in humans (IARC
Monographs, volumes 1 to 29). IARC Monogr Eval
Carcinog Risk Chem Hum Suppl, 4:1–292. Available
from: http://monographs.iarc.fr/ENG/Monographs/
suppl4/index.php PMID:6963265
IARC (1986). Some halogenated hydrocarbons and pesticide exposures. IARC Monogr Eval Carcinog Risk Chem
Hum, 41:1–407. Available from: http://monographs.
ia rc.f r/ENG/Monog raphs/vol1- 4 2/mono 41.pd f
PMID:3473020
IARC (1987). Overall evaluations of carcinogenicity: an
updating of IARC Monographs volumes 1 to 42. IARC
Monogr Eval Carcinog Risks Hum Suppl, 7:1–440.
Available
from:
http://monographs.iarc.fr/ENG/
Monographs/suppl7/index.php PMID:3482203
IARC (1991). Occupational exposures in insecticide
application, and some pesticides. IARC Monogr Eval
Carcinog Risks Hum, 53:5–586. Available from http://
monographs.iarc.fr/ENG/Monographs/vol53/index.
php PMID:1688189
IARC (2017). Some organophosphate insecticides and
herbicides. IARC Monogr Eval Carcinog Risks Hum,
112:1–452. Available from: http://monographs.iarc.fr/
ENG/Monographs/vol112/index.php
Loomis D, Guyton K, Grosse Y, El Ghissasi F, Bouvard
V, Benbrahim-Tallaa L et al.; International Agency
for Research on Cancer Monograph Working Group,
IARC, Lyon, France (2015). Carcinogenicity of lindane,
DDT, and 2,4-dichlorophenoxyacetic acid. Lancet
Oncol, 16(8):891–2. doi:10.1016/S1470-2045(15)00081-9
PMID:26111929
Smith MT, Guyton KZ, Gibbons CF, Fritz JM, Portier CJ,
Rusyn I et al. (2016). Key characteristics of carcinogens as a basis for organizing data on mechanisms of
carcinogenesis. Environ Health Perspect, 124(6):713–21.
PMID:26600562
Straif K, Loomis D, Guyton K, Grosse Y, Lauby-Secretan
B, El Ghissassi F et al. (2014). Future priorities for
the IARC Monographs. Lancet Oncol, 15(7):683–4.
doi:10.1016/S1470-2045(14)70168-8

35

DDT
1.

Exposure Data

1.1. Identification of the agent
1.1.1 Nomenclature
The term “DDT” (dichlorodiphenyltrichloroethane) refers to para,para′-DDT –
1,1′-(2,2,2-trichloro-ethylidene)bis
(4-chloro
benzene). The structure of DDT permits several
different isomeric forms, such as ortho,para′-DDT
(1-chloro-2-[2,2,2-trichloro-1-(4-chlorophenyl)
ethyl]benzene). The term DDT is also applied to
commercial products consisting predominantly
of p,p′-DDT, but also containing smaller amounts
of other compounds (WHO, 1989).
Chem. Abstr. Serv. Name: 1,1′-(2,2,2-trichloroethylidene)-bis(4-chlorobenzene)
Chem. Abstr. Serv. Reg. No.: 50-29-3
Preferred IUPAC Name: 1-chloro-4-[2,2,2-trichloro-1-(4-chlorophenyl)ethyl]benzene
Synonyms: dichlorodiphenyltrichloroethane;
DDT; 1,1,1-trichloro-2,2-bis(para-chlorophenyl)ethane;
α,α-bis(para-chlorophenyl)-β,β,β-trichloroethane;
1,1-bis(para-chlorophenyl)-2,2,2-trichloroethane;
2,2-bis(para-chlorophenyl)1,1,1-trichloroethane; 4,4′-DDT; 4,4′-dichlorodiphenyltrichloroethane;
p,p′-DDT; para,para′-dichlorodiphenyltrichloroethane; OMS 0016; 1,1,1-trichloro2 , 2-bis(4,4′-dich lorod iphenyl)e t h a ne ;
2,2,2-trichloro-1,1-bis(4-chlorophenyl)

ethane; trichlorobis(4′-chlorophenyl)ethane;
TbisC-ethane; benzene, 1,1′-(2,2,2-trichloroethylidene)-bis(4-chloro-).
Trade Names: DDT has been used in many
commercial product formulations. It is not
possible to prepare an exhaustive list of all
trade names that have been or are being
used currently. Trade names specified
below are presented as examples. Agritan;
Arkotine;
Benzochloryl;
Bovidermol;
Chlorophenothane;
Chlorphenotoxum;
Clofenotane; Detoxan; Dicophane; Didigam;
Didimac; Estonate; Genitox; Gesafid;
Parachlorocidum; Pentachlorin; Penticidum.
From NCBI (2015) and ChemIDplus (2015)
unless otherwise specified.
The World Health Organization (WHO)
specification for technical-grade DDT intended
for use in public health programmes requires
that the product contains a minimum of 70%
p,p′-DDT (WHO, 2009). Technical-grade DDT
typically also contains smaller amounts of
other compounds such as o,p′-DDT, p,p′-DDD
(1-chloro-4-[2,2-dichloro-1-(4-chlorophenyl)
ethyl]benzene, also known as TDE), o,p′-DDE
(1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene)
(WHO, 1989). These other isomeric forms may
add to the pesticide action of DDT since it is
known that o,p′-DDT has insecticidal properties
(Worthing & Walker, 1987). The structure and
full chemical names of p,p′-DDT and its major
metabolites are presented in Fig. 1.1. Technicalgrade DDT has been formulated in almost every
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conceivable form, including solutions in xylene
and petroleum distillates, emulsifiable concentrates, water-wettable powders, granules, aerosols, smoke candles, and charges for vapourizers
and lotions (WHO, 1989).

1.1.2 Structural and molecular formulae, and
relative molecular mass
Cl
Cl

Cl

Cl

Cl

Structure from NIH (2015)
Molecular formula: C14H9Cl5
Relative molecular mass: 354.49

1.1.3 Chemical and physical properties of the
pure substance
See NCBI (2015)
Description: Colourless crystals or white
powder, odourless or with weak aromatic
odour
Solubility: Practically insoluble in water
(0.055 mg/100 mL at 25 °C); soluble in acetone
(58 g/100 mL), benzene (78 g/100 mL), benzyl
benzoate (42 g/100 mL), carbon tetrachloride
(45 g/100 mL), chlorobenzene (74 g/100 mL),
cyclohexanone (116 g/100 mL), 95% alcohol
(2 g/100 mL), ethyl ether (28 g/100 mL), and
other organic solvents.
Octanol/water partition coefficient: log
Pow = 7.48 (WHO, 1989)
Conversion factor for airborne concentrations:
mg/m3 = 14.5 × ppm
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1.2 Production and use
1.2.1 Production
The history of the development of DDT
as a pesticide has been documented (Casida &
Quistad, 1998; Jarman & Ballschmiter, 2012).
Following the discovery of the insecticidal properties of DDT in 1939, DDT became a commonly
used agent for insect control worldwide (both
for public health and for agricultural uses),
until agricultural uses were curtailed in various
countries from the early 1970s (see Section 1.5
regulations).
DDT is made industrially by condensing
chloral hydrate with chlorobenzene in the
presence of sulfuric acid. To prepare o,p′-DDT,
an excess of chlorobenzene is condensed with
1-(2-chlorophenyl)-2,2,2-trichloroethanol in the
presence of a mixture of 96% sulfuric acid and
25% oleum at 60 °C (Brooks, 1974).
Most DDT production can be assumed to
have been technical-grade material that included
15–21% of o,p′-DDT, up to 4% of p,p′-DDD, and
up to 1.5% of 1-(p-chlorophenyl)-2,2,2-trichloroethanol (Metcalf, 1955).
In the USA, peak production of DDT was
reported in the early 1960s, with 56 000 tonnes
produced in 1960 and 82 000 tonnes in 1962;
DDT was registered for use on 334 agricultural
commodities (Metcalf, 1955). Production then
declined and by 1971 had dipped to about 2000
tonnes, shortly before DDT was banned (ATSDR,
2002).
In China, the cumulative production of DDT
over 30 years until 1983 was reported to be 0.4
million tonnes, estimated to then account for
20% of the cumulative worldwide production
(about 2 million tonnes) (ATSDR, 2002; Xin
et al., 2011). During 2000–2003, average annual
production in China was approximately 4500
tonnes and there were no DDT imports to China
from other counties (Lin et al., 2009).

DDT
Fig. 1.1 Structure of p,p′-DDT and its major metabolites
R'
R

C

R

R''
Basic structure of p,p'-DDT related compounds

Name

Chemical name

DDT
DDE

R

R'

R''

1,1'-(2,2,2-trichloroethylidene)- bis[4-chlorobenzene] - Cl

-H

- CCl3

1,1'-(2,2-dichloroethenylidene)- bis[4-chlorobenzene] - Cl

None

= CCl2

DDD (also referred to as TDE) 1,1'-(2,2-dichloroethylidene)- bis[4-chlorobenzene]

- Cl

-H

- CHCl2

DDMU

1,1'-(2-chloroethenylidene)- bis[4-chlorobenzene]-

- Cl

None

= CHCl

DDMS

1,1'-(2-chloroethylidene)- bis[4-chlorobenzene]

- Cl

-H

- CH 2 Cl

DDNU

1,1'-bis(4-chlorophenyl)ethylene

- Cl

None

= CH 2

DDOH

2,2-bis(4-chlorophenyl)ethanol

- Cl

None

- CH 2 OH

DDA

2,2-bis(4-chlorophenyl)- acetic acid

- Cl

-H

- COOH

Adapted from WHO (1989)

As assessed in 2007, DDT was produced in (a) Worldwide use as a pesticide
three countries ‑ India, China and the Democratic
DDT was initially used by the military in
People’sFrom
Republic
of Korea ‑ with by far the World War II to control malaria, typhus, body
WHO, 1989
Note: manythen
of theproduced
compounds also
exist as (van
o,p'-isomers
other isomers
largest amount
in India
den andlice,
and bubonic plague. DDT was a key tool in
Berg, 2009). Currently, DDT is produced only in malaria eradication efforts in Italy and the USA.
India, from where it is exported as a pure (also In Italy, cases of malaria decreased from 400 000
called “technical”) product, or as a commercially in 1946 to virtually none in 1950. DDT was also
formulated product to other, mostly African, used to manage an epidemic of typhus in Italy
countries (UNEP, 2010; UNEP/WHO 2014).
and Germany in 1943–1944 (Casida & Quistad,
[The Working Group noted that despite it 1998; Jarman & Ballschmiter, 2012).
being recognized that DDT being produced by
Historically, in addition to its public health
many countries during the latter part of the twen- uses, growers used DDT on a variety of food
tieth century, no information on DDT produc- crops worldwide. In USA, some of the crops to
tion was available for most of these countries.]
which DDT was applied included beans, cotton,

1.2.2 Use
DDT has been, and is, primarily used as a
pesticide. DDT is also used as an intermediate in
the production of the pesticide dicofol (Kelthane),
and in antifouling paint.

soybeans, sweet potatoes, peanuts, cabbage,
tomatoes, cauliflower, brussel sprouts, corn, and
other crops. DDT was also used to treat livestock
and in buildings for pest control (EPA, 1975a).
The usage of DDT in the former Soviet
Union was intensive in the 1950s and 1960s, and
continued until the early 1990s. The total such
use of DDT from 1946 till 1990 is estimated to
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have been between 250 000 and 520 000 tons
[254 000 and 528 000 tonnes] (Li et al., 2006).
Having been introduced as an agricultural
chemical in the 1950s, DDT was used for that
purpose in China until 1983 (Cai et al., 2008).
DDT is one of the 12 insecticides, and the
only organochlorine compound, currently
recommended by WHO for use in indoor
residual spraying for disease vector control
(WHO, 2011a). Currently, DDT represents some
71% of the global annual amount of insecticides
used for vector control. In 2005, an estimated
5000 tonnes of DDT was used for disease vector
control (Table 1.1). DDT is used mostly for
malaria control, but 19% of the global share is
sprayed to control transmission of leishmaniasis
by sandflies (van den Berg et al., 2012).
As assessed in 1996, use of DDT and malathion was credited with reducing incident
malaria in India to “only” 2 to 3 million cases
per year (Sharma et al., 1996). In 2005, DDT was
shown to be still useful for residual spraying in
India, particularly in areas where the vectors are
endophilic and not resistant, and its continued
use in India was endorsed (Gunasekaran et al.,
2005).
DDT has been used in China as an antimalarial agent, specifically in provinces where
standing water in rice fields favours the breeding
of Anopheles anthropophagus as a principal
vector. Residual spraying of houses and cattle
sheds was shown to reduce malarial prevalence
(Xu et al., 1998). China has now stopped the use
of DDT (UNEP/WHO, 2014).
In South Africa, spraying of DDT from 1945
to 1995 was highly successful in controlling
the vectors of malaria, Anopheles funestus and
Anopheles arabiensis, without emergent resistance. DDT was replaced by pyrethroids in
1995, but after 4 years, the incidence of malaria
increased at least fourfold due to vector resistance to pyrethroids. In 2000, DDT was reintroduced and the incidence of malaria subsequently
declined (Curtis, 2002). Currently, DDT is still
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used in South Africa and in a few other African
countries for indoor residual spraying (Table 1.1).
In 2009, India remained the largest user of DDT,
with 78% of global use, the remainder being used
in Ethiopia (15%), Mozambique (2%), Namibia
(1.8%), South Africa (1.4%), Zimbabwe (1.2%),
and Zambia, Madagascar, Eritrea, Swaziland,
Uganda, and Mauritius (each < 1% of global
use). Trends in the use of DDT have been associated with, and in some instances determined by,
resurgence in malaria, as variously documented
worldwide from the 1930s to the 2000s (Cohen
et al., 2012). While the use of DDT declined in
India in the 2000s, several countries in Africa,
including Mozambique, Zambia, and Zimbabwe,
significantly increased their DDT use until 2008
(Fig. 1.2; WHO, 2011b; van den Berg, 2009).
(b)

Use as a chemical intermediate

DDT is used as a feedstock for the production of dicofol (Kelthane), an acaricide used for
controlling mites that attack cotton, fruit trees,
and vegetables. Dicofol is usually synthesized
from technical DDT, which is first chlorinated
and then hydrolysed to produce dicofol. DDT
and reaction intermediates may remain in the
dicofol product as impurities (Gillespie et al.,
1994; Qiu et al., 2005).
In an assessment for the European Union
in 2004, a single producer of dicofol within the
European Union was identified; production was
also indentified in China, Brazil, and India, with
largest production volume (≈2000 tonnes/year)
occurring in China (Ministerie van VROM,
2004).
Dicofol was introduced in China in the 1970s
and, after discontinuation of DDT as an agricultural chemical, dicofol production became the
major use of DDT. Use of DDT as an intermediate in dicofol production accounted for approximately 80% of the chemical used in China in
2002–2004, antimalarial usage and production
of antifouling paint accounting for the balance.
Difocol produced in China was reported to have

DDT

Table 1.1 Annual global production and use of DDT for vector control, in 2003, 2005, 2007, and
2009
Country
DDT production
Chinaa
Indiab
DPRK
Global production
DDT use
Cameroon
China
Eritrea
Ethiopia
Gambia
India
DPRK
Madagascar
Malawi
Mauritius
Morocco
Mozambique
Myanmar
Namibia
Papua New Guinea
South Africa
Sudan
Swaziland
Uganda
Zambia
Zimbabwe
Global use

Quantity (1000 kg active ingredient)

Comment

Source

2003

2005

2007

2009c

450
4100
NA
> 4550

490
4250
NA
> 4740

NA
4495
5
> 4500

NA
NA
NA
NA

For export
For malaria and leishmaniasis
> 155 tonnes for use in agriculture

Pd
Pd, WS, Dc
UNITAR

0
0
13
272
0
4444
NA
42
0
1
1
0
1
40
NA
54
75
NA
0
7
0
> 4953

0
0
15
398
0
4253
NA
0
0
1
1
308
1
40
NA
62
NA
8
0
26
108
> 5219

0
0
15
371
NA
3413
5
0
0
<1
0
NA
NA
40
0
66
0
8
NA
22
12
> 3950

NA
NA
12
781
NA
3399
NA
NA
NA
0.4
NA
104
0.2
92
NA
70
NA
7
NA
NA
61
5127

Plan to pilot in 2009
Discontinued use in 2003
Epidemic-prone areas
Epidemic-prone areas
Reintroduction in 2008
For malaria and leishmaniasis
> 155 metric tonnes used in agriculture
Plan to resume use in 2009
Plan to pilot in 2009
To prevent malaria introduction
For occasional outbreaks
Reintroduction in 2005
Phasing out
Long-term use
No recent use reported
Reintroduction in 2000
No recent use reported
Long-term use
High Court prohibited use, 2008
Reintroduction in 2000
Reintroduction in 2004

WHO
SC
Qu, WHO
WHO, WS
Dc
WHO, Dc
UNITAR
Qu
WHO
Qu
Qu
WHO
WS
WHO
SC
Qu, WHO
Qu, WHO
WHO
SC, Dc
WS, Qu, WHO
WHO

Dc, direct communication with national authorities; DDT, dichlorodiphenyltrichloroethane; DPRK, Democratic People’s Republic of Korea;
NA, not available; Pd, project proposals submitted to the Global Environment Facility; Qu, questionnaires on DDT by the Secretariat of the
Stockholm Convention completed by national authorities; SC, documents published by the Secretariat; WS, workshop presentations by country
delegates in the context of the Stockholm Convention. Further information was obtained from the World Health Organization (WHO) and
United Nations Institute for Training and Research (UNITAR) reports, as indicated
a The figure for 2005 was extrapolated from the total production; in addition to production for vector control; DDT is produced for dicofol
manufacture (≈3800 metric tonnes per year) and for antifoulant paints (≈200 metric tonnes per year)
b DDT is also produced for dicofol manufacture (≈280 metric tonnes per year)
c The data for 2009 were taken from WHO (2011b)
Adapted from van den Berg (2009)
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Figure compiled with data from van den Berg et al. (2012) ‘Global trends in the use of insecticides to control vector-borne diseases’, Environ. Health Perspect, (120):577–582 AND
reproduced from Bouwman et al. (2013). DDT: fifty years since Silent Spring. Chapter 11. Late lessons from early warnings: science, precaution, innovation. Brussels, Belgium: European
Environment Agency; pp. 272–91.
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Fig. 1.2 Trends in the global use of DDT, 2000–2009

DDT
a high DDT content (on average, 20%) (Qiu et al.,
2005; Global Environment Facility, 2006).
From the 1950s until 2009, DDT was used
as an additive to antifouling paint produced
in China (Xin et al., 2011). During 2000–2003,
production of antifouling paint accounted for
4% of the DDT produced in China (Lin et al.,
2009). By 2014, all uses of DDT in China were
withdrawn; the only reported use of DDT as an
intermediate in dicofol production was in India
(UNEP/WHO, 2015).

1.3 Measurement and analysis
Methods for the analysis of organochlorine
pesticides (OCPs) in a variety of environmental,
biota, food, and human biological matrices have
been well developed during the past several
decades. These methods appear in both academic
articles and in the standard operational procedures from various environmental and health
agencies. The United States Environmental
Protection Agency (EPA) (EPA, 2015a), the
European Committee for Standardization (CEN/
EU), the Japanese Industrial Standards (JIS), and
agencies in other industrialized countries have
developed comprehensive protocols for pesticide
analysis. In particular, the EPA has posted an
online index of pesticide analytical methods.
The analysis of DDT, its metabolites, and other
OCPs involves extraction, clean-up, and instrumental analysis based on gas chromatography
(GC) or gas chromatography-mass spectrometry
(GC-MS) (EPA, 2015a). The available sample
extraction and clean-up methods described above
have generally provided recoveries of target OCP
analytes in the range of 50–130%, depending on
the sample matrix and analyte concentration.
Regarding detection, gas chromatography-electron capture detection (GC-ECD) was widely
used to quantify DDT, DDE, and other related
isomers and metabolites in many media, especially in the 1970s until the 1990s, and is still a
low-cost routine technique for most OCPs. One

concern with GC-ECD methods is the potential for interfering non-target chemicals leading
to misidentification or incorrect quantitation.
GC-MS methods are now widely used have been
used to identify and quantify DDT, DDE, and
other related isomers and metabolites in many
media. These include single quadruple MS detectors running in electron ionization mode with
target analyses monitored by selective ion monitoring and GC coupled with high-resolution
MS (HRMS) (Barr et al., 2003). These detection
methods increase the confidence in confirmative analysis by decreasing matrix interferences,
improving selectivity and, in the case of tandem
MS and HRMS, showing higher signal-to-noise
ratio, therefore improving the detection limits
and selectivity.

1.4 Occurrence and exposure
The following summary of the literature is
not a systematic review, but provides a descriptive narrative of the occurrence of and exposure
to DDT and its metabolites in the environment
and among the occupational and general population globally. Because DDT is a synthetic product
that consists of variable quantities of several
isomers, the term “ΣDDT” used here represents
the sum of all isomers, total DDT, as reported by
the authos.
DDT is a persistent organochlorine pesticide
that together with its metabolites can have a halflife in soil of up to 30 years and in aquatic life of
up to 150 years. DDT and its important metabolites for exposure assessment, DDE and DDD, are
chemicals not known to occur naturally in the
environment (see their structure, Fig. 1.1).
Historically, DDT was released to the environment during its production, formulation, and
extensive use as a pesticide in agriculture and
malaria-control applications. Although DDT
was banned for use in many countries after 1972,
it is still being used in some areas of the world
for vector-control purposes (ATSDR, 2002).
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Occupational exposures to DDT may occur in
pesticide-manufacturing workers, commercial
pesticide applicators, and historically occurred
in farmers. Bystander exposure occurs during
DDT application in homes for malaria control,
if workers from manufacturing plants take
home contaminated clothing, and historically
occurred from field application in agriculture.
DDT is widely distributed in the environment even decades after its use ended in most
countries. General population exposures occur
primarily through dietary intake, and as a result
of contact with DDT in environmental media,
including indoor environments. Where DDT
remains in use for malaria control, there is the
potential for associated human exposures. DDT
and its metabolites are fairly ubiquitous in the
atmosphere as a result of spraying operations in
areas of the world where it is still used (ATSDR,
2002).

workers involved in the demolition of a plant in
which dicofol was manufactured between 1978
and 2004. Concentrations of ΣDDT were measured on process equipment surfaces and ranged
between 5.4 and 37.5 g/m2 (Luo et al., 2014).

1.4.1 Occupational exposure

(c)

Detailed information on occupational exposure is given in Table 1.2
(a)

Pesticide manufacturing

No studies reporting exposure measurements for workers manufacturing DDT pesticides were available to the Working Group.
However, DDT has been reported to be used in
the synthesis of the insecticide dicofol in China
since 1978. Analytical studies have shown that
DDT compounds, including p,p′-DDT and
p,p′-DDE, may be contaminants in technical
grades of difocol (Risebrough et al., 1986)
with the potential for DDT to be released from
difocol products. In a Chinese factory producing
difocol with a closed-loop production system,
ΣDDT was measured in workshop air (range,
1.88–17.53 µg/m3) and worker inhalation doses
were estimated (ΣDDT, 0.38–3.51 µg/kg bw per
day) (Li et al., 2014a). Occupational hygiene
assessment was conducted to assess the risks of
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(b)

Agriculture

In North Carolina, USA, between 1995 and
1996, African-American farmers, most of whom
were no longer working on a farm, presented
with mean plasma DDE concentrations of
11.4 ng/mL (Cooper et al., 2004). In Bolivia,
between 2010 and 2011, serum p,p′-DDE concentrations of 19.7 ng/mL (4788.7 ng/g lipid) were
reported in agricultural workers (Mercado et al.,
2013). In India, in a study carried out in 2009
among 30 agriculture, sheep-breeding and woolshearing workers in rural Bangalore, the mean
blood concentration of ΣDDT was 10.6 ng/mL
(Dhananjayan et al., 2012).
Malaria control

In Tzaneen, South Africa, median ΣDDT
concentrations of 83.3 μg/g of lipid were reported
among malaria-control workers (Dalvie et al.,
2004a). In 2008 in northern Uganda, malaria-control workers had mean DDE/DDT concentrations
in plasma collected post-spraying that ranged
empirically from 24 to 128 ppb, with a mean
of 77 ppb (Bimenya et al., 2010). In 1994, in the
state of Veracruz, Mexico, workers employed to
control vectors for malaria and dengue presented
mean ΣDDT concentrations of 104.5 μg/g lipids
in abdominal adipose tissue (Rivero-Rodriguez
et al., 1997). In Mato Grosso, Brazil, between
1999 and 2000, malaria-control sprayers had
median serum concentrations of ΣDDT, DDT,
and p,p′-DDE of 135, 23.3, and 107.3 ng/mL,
respectively (Dores et al., 2003). In the Amazon
region of Brazil, malaria-control workers in 1997
had serum ΣDDT and p,p′-DDE concentrations
of 231.5 and 156.9 ng/mL, respectively, levels that
were much higher than those found in the general
population in 2001, in which concentrations were

Table 1.2 Occupational exposure to DDT and its metabolites
Occupation

Country,
collection date

Sampling
matrix

Exposure
Level a

Range

China, year NR

Air

NR

ΣDDT, 1.88–17.53 μg/m3

Dicofol
China, around
manufacture,
2009
demolition workers

Dust on
production
equipment

NR

ΣDDT, 5.4–37.5 g/m2

Farmers

Plasma

p,p′-DDE, 7.7 ng/mL
(median)

p,p′-DDE, 0.6–77.4 ng/mL

Serum

Agriculture and
sheep woolassociated jobs

USA, North
Carolina,
1995–1996
Bolivia, Santa
Cruz, 2010–2011
India, Bangalore
city, Karmataka,
(rural) 2009

p,p′-DDE, 1197–35 131 ng/g
lipid (25th–75th percentiles)
p,p′-DDD, < LOD–5.65;
p,p′-DDE, < LOD–32.1; p,pDDT, < LOD–48.3
ΣDDT, 6.72–51.7 ng/mL

Mercado et al.
(2013)
Dhananjayan
et al. (2012)

Malaria control,
1946–1950

Italy, Sardinia,
2000

Serum

DDT, 33–74. p,p′-DDE,
157–1045 ng/g lipid

Cocco et al.
(2004)

Malaria-control
workers, DDT
spraying, mixing

South Africa,
Tzaneen,
Limpopo
year NR
Mexico, Veracruz,
1994

Serum

p,p′-DDE, 4788.7 ng/g
lipid (median)
p,p′-DDD, 3.01 ± 0.19;
p,p′-DDE, 5.67 ± 1.21;
p,p-DDT, 3.81 ± 1.51
ΣDDT,
10.6 ± 2.15 ng/mL
DDT, 47; p,p′-DDE,
396 ng/g lipid
(median)
DDE, 52.4; DDD, 0.74;
DDT, 28.2
ΣDDT, 83.3 μg/g lipid

Brazil, Para state,
1997–2001

Serum

ΣDDT, 104.48
p,p′-DDT, 31; o,p′-DDT,
2.1; p,p′-DDE, 60.98;
p,p′-DDD, 0.95 μg/g
lipid (geometric mean)
1997: ΣDDT, 231.5; p,p′DDE, 156.9
2001: ΣDDT, 50.4; p,p′DDE, 39.4 ng/mL

ΣDDT, 10.56–665.56
p,p′-DDT, 0.72–344.98; o,p′DDT, 0.07–29.74; p,p′-DDE,
9.57–298.42; p,p′-DDD,
ND‑3.51 μg/g lipid
1997: ΣDDT, 5.3–3839.8;
p,p′-DDE, 4.6–513.8
2001: ΣDDT, 3.3–357.9; p,p′DDE, 2.3–284.1 ng/mL

Pesticide
manufacture,
closed-system,
dicofol production

Farmers

Malaria-control
DDT weighing and
spraying
Malaria control
DDT spraying

Blood

Abdominal
adipose tissue

DDE, 1.1–273.6; DDD,
0–3.1; DDT, 0.3–67.1
ΣDDT, 1.4–315 μg/g lipid

Comments

Reference

Dicofol production with
DDT as intermediate
Estimated inhalation
exposure range of
0.38–3.51 μg/kg bw per
day
The factory produced
difocol with DDT
intermediate between
1978 and 2004

Li et al. (2014a)

Luo et al. (2014)

Cooper et al.
(2004)

“DDT,” “DDD”, and
“DDE” are used for the
sum of the two respective
p,p′ and o,p′ isomers

Dalvie et al.
(2004a)
Rivero-Rodriguez
et al. (1997)

Ferreira et al.
(2011)

DDT
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Occupation
Malaria control
DDT spraying
Malaria control
DDT spraying

Electronic waste
and fishery
industry, e-waste
cycling and fishery
Textile

Country,
collection date

Sampling
matrix

Exposure
Level a

Range

Brazil, Mato
Grosso, 1999–
2000
Uganda, Lango,
2008

Serum

ΣDDT, 135.5; DDT,
23.3; p,p′-DDE,
107.3 ng/mL (median)
DDE/DDT, 77 ppb

ΣDDT, 7.5–875.5; DDT,
ND‑476; p,p′-DDE,
7.5–518.5 ng/mL
DDE/DDT, 24–128 ppb

China,
Guangdong
province (Guiyu
town, Haojiang
district), 2005
China, Anhui
1996–1998

Serum

ΣDDTs: e-waste, 600;
fishery, 2300 ng/g lipid
(median)

ΣDDTs: e-waste, 210–1800;
fishery, 380–5100 ng/g lipid

Serum,
preconception

ΣDDT, 27.9, p,p′-DDT,
1.42, o,p′-DDT, 0.16,
p,p′–DDE, 26.24, o,p′DDE, 0.09, p,p′-DDD,
0.21 ng/g lipid
(median)

ΣDDT, 5.52–113.3, p,p′DDT, 0.37–13.12, o,p′DDT, 0.04–1.49, p,p′-DDE,
4.76–97.54, o,p′-DDE,
0.03–1.07, p,p′-DDD,
0.05–0.96 ng/g lipid

Plasma

Comments

Reference
Dores et al.
(2003)

The mean value reported
is a mean DDE/DDT;
plasma samples analysed
6 months after one round
of DDT spraying
Exposure to ΣDDT was
dominant in both e-waste
and fishery industries
compared with PCBs and
other OCPs
ΣDDT was positively
associated with the risk
of subsequent early
pregnancy losses

Bimenya et al.
(2010)

Bi et al. (2007)

Venners et al.
(2005)

ΣDDT, total DDT corresponding to the sum of o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT, p,p′-DDT; DDE, dichlorodiphenyldichloroethylene; DDT,
dichlorodiphenyltrichloroethane; LOD, limit of detection; NR, not reported; OCPs, organochlorine pesticides; PCBs, polychlorinated biphenyl; ppb, parts per billion
a Arithmetic mean, except where otherwise stated
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Table 1.2 (continued)

DDT
50.4 and 39.4 ng/mL, respectively (Ferreira et al.,
2011). In Sardinia, Italy, workers who had participated in the 1946–1950 antimalarial campaign
presented in 2000 with median serum DDT and
p,p′-DDE concentrations of 47 and 396 ng/g lipid,
respectively (Cocco et al., 2004).
(d)

Other occupational exposures

In Guangdong province, China, in 2005,
serum ΣDDT concentrations among electronic
waste and fishery workers ranged from 210 to
5100 ng/g lipid (Bi et al., 2007). In Anhui, China,
between 1996 and 1998, serum ΣDDT concentrations among female textile workers in China
ranged from 5.52 to 113.3 ng/g lipid (Venners
et al., 2005).

1.4.2 Environmental occurrence
Detailed information on environmental
occurrence is given in Table 1.3.
(a)

Water

The release of DDT to surface water still
occurs in countries that rely on DDT for malaria
control near open water. DDT also enters surface
water as a result of dry and wet deposition from
the atmosphere and direct gas transfer, contributing to the loading in rivers, deep wells, lakes,
and oceans.
Concentrations of p,p′-DDE, p,p′-DDD,
p,p′-DDT in water from the Nile delta ranged from
35 to 67, 19 to 33, and 24 to 31 ng/L respectively
between 1995 and 1997 (Abbassy et al.,1999). In
2011 in South Africa, ΣDDT and residues were
measured in Johannesburg in surface water (i.e.
river and dam) as 14 day-measurement samples
taken in spring and summer, and ranged from
0.026 to 0.549 ng/L (Amdany et al., 2014). Surface
water sampled twice in 2012 from the Konya
Basin in Turkey contained ΣDDT at concentrations ranging from not detected (ND) to
47 ng/L; p,p′-DDE represented the major metabolite measured, with concentrations ranging

from ND to 37 ng/L (Aydin et al., 2013). Water
samples taken monthly between 2009 and 2011
from the Karun river in Khuzestan Province, in
the Islamic Republic of Iran, contained ΣDDT at
mean concentrations of 32.2ng/L, with o′,p′-DDT
and p,p′-DDT concentrations of 26 and 10.2 ng/L,
respectively (Behfar et al., 2013). DDT concentrations in surface-water samples taken between
August 1989 and October 1991 from southern
Asia and Oceania ranged from 1.3 pg/L to up to
5 orders of magnitude higher (120 ng/L) measured in India (Iwata et al., 1994). Much higher
ΣDDT concentrations were reported in a 20-year
follow-up study in India. ΣDDT concentrations
ranged from ND to < 163 × 106 ng/L at 45 surfacewater sites, and from ND to 75 × 103 ng/L at 15
ground-water sites. Highest ΣDDT concentrations were measured in 2005 in the Ganges river,
India (Sharma et al., 2014).
In the USA, no DDE was detected in 3251
samples obtained from 2001 to 2003 as a statistically selected, nationally representative sampling
of small drinking-water systems (EPA, 2008). In
the USA National Water Quality Assessment
Program from 1992–2001, p,p′-DDE was detected
in only 5.75% of 2013 samples from 83 agricultural surface water sites with only 0.29% being >
10 ng/L; and 2.02% detection frequency in 812
samples from 30 urban surface-water sites with
none being > 10 ng/L (USGS, 2006). In central
Poland, between 2002 and 2003, DDT concentrations in drinking-water ranging from 10.6 to
166 ng/L were reported in the vicinity of orchard
areas (Badach et al., 2007). Little information
was available in the open literature for Latin
American countries or other European countries.
In Limpopo, South Africa, where DDT
is still used for indoor residual spraying to
control malaria vectors, ΣDDT was detected in
potable water (tap water) with concentrations
ranging from 600 to 7600 ng/L, while 83% of
ΣDDT concentrations in exposed areas were
< 2000 ng/L. In contrast, in control areas none
of the tap-water samples contained residues of
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Location,
collection date

Sampling
matrix

Exposure
Levela

Range

South Africa,
Johannesburg,
2011

Surface water

NR

ΣDDT, 0.026–0.549 ng/L

Egypt, Nile Delta,
1995–1997
Islamic Republic of Iran,
Karun river in Khuzestan
Province, August 2009 to
March 2011
Turkey, Konya closed basin,
March and August 2012

Surface water

NR

Surface water

ΣDDT, 36.2; o,p′DDT, 26; p,p′-DDT,
10.2 ng/L

p,p′-DDE, 35–67, p,p′-DDD,
19–33 p,p′-DDT, 24–31 ng/L
ΣDDT, 5.9–90.3; o,p′DDT, ND–87.3; p,p′-DDT,
2.4–28 ng/L

Surface water

NR

Pakistan, River Chenab,
Punjab, January–March 2013
Eastern and southern Asia and
Oceania,
August 1989 to October 1991

Surface water

ΣDDT, 9.07 ng/L

Surface water

NR

India, year NR
NA

Surface water,
ground water

NR

Poland, Warka-Grojec region
Spring and autumn 2002–2003

Drinkingwater

NR

South Africa, Limpopo
Province
February 2008

Drinkingwater

NR

ΣDDT, ND–47; p,p′-DDE,
ND– 37; p,p′-DDD, ND–5; p,p′DDT, ND–5 ng/L
ΣDDT, 1.90–20.6 ng/L
ΣDDT:
India: 0.87–120, Thailand:
0.23–2.5, Viet Nam: 0.29–25;
Malaysia: 1.7; Indonesia:
0.19–0.27; Solomon Islands:
0.062–21; Japan: 0.0065–0.016;
Taiwan, China: 0.0095–0.19;
Australia: 0.0013–1.1 ng/L
ΣDDT:
Surface water: ND–16 367 × 103
Ground water:
ND–75 × 103 ng/L
DDT, 10.6–166.9 ng/L

ΣDDT: exposed area:
600–7600 ng/L

Comments

Reference

Measurements were done for 14
days in spring and in summer;
concentrations of isomers also
reported by site
Levels were reported for different
seasons, 1995–1997
There was significant correlation
between o,p′-DDT and ΣDDT

Amdany et al.
(2014)

Measurements taken in March and
August; slightly higher levels of
ΣDDT were found in March

Aydin et al.
(2013)

Abbassy et al.
(1999)
Behfar et al.
(2013)

Mahmood
et al. (2014)
Iwata et al.
(1994)

> 45 surface water sites, 15 ground
water sites, approximately 20-year
data; highest ΣDDT levels were
measured in 2005 in the Ganges river
Higher DDT levels were measured in
autumn than in spring, and a higher
percentage of samples was found
contaminated in autumn (47.1%) than
in spring (29.4%)
83% of ΣDDT levels in exposed
area: < 2000 ng/L; control area:
< 500 ng/L b

Sharma et al.
(2014)
Badach et al.
(2007)

Van Dyk et al.
(2010)
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Table 1.3 Environmental occurrence of DDT and its metabolites

Table 1.3 (continued)
Location,
collection date

Sampling
matrix

Exposure

Comments

Levela

Range

Brazil, Cidade dos Meninos
2002–2003

Soil and
sediments,
water, pasture
and vegetables

ΣDDT: soil and sediments:
< 30 × 103 to 465 × 103 ; water:
ND–120; pasture: 9180–189
× 103; ΣDDT: vegetables:
3.22–7.01 ng/g or ng/L

China, Taihu lake
2006

Surface
sediment

South Africa, Lake Sibaya,
KwaZulu-Natal
January–March 2012
Thailand, tributaries of Mae
Klong river; Mae Klong river
basin
2003–2005
Pakistan, River Chenab,
Punjab
January–March 2013
China
Beibu Gulf and its tributary
rivers
2010
Eastern and southern Asia and
Oceania
August 1989 to October 1991

Surface
sediment

ΣDDT: soil and
sediments: 188 × 103;
pasture: 57.2 × 103;
vegetables: 5100;
water: NR ng/g or
ng/L
p,p′-DDT, 1.26,
p,p′-DDD, 0.36, p,p′DDE, 0.14, ΣDDT,
53.9 ng/g dw
NR

India

ΣDDT, 0.25–375 ng/g dw

ΣDDT, 0.8–123; p,p′-DDE,
1.8–42.8; p,p′ DDD, 1.8–74.1;
p,p′-DDT, < LOD–6.2 ng/g
ΣDDT: Klong river: 80–
1830; Klong river basin:
< 1–6780 ng/g dw

Surface
sediment

NA

Sediment

ΣDDT, 40.3 ng/g

ΣDDT, 5.84–89.8 ng/g

Sediment

Sediment

p,p′-DDT, 6.43; o,p′DDT, 1.6; p,p′-DDE,
4.33; p,p′-DDD, 9.39;
ΣDDT, 21.8 ng/g dw
NR

Sediment, soil

NR

p,p′-DDT, 0.19–44.1; o,p′-DDT,
0.07–10.1; p,p′-DDE, 0.08–19.2;
p,p′-DDD, 0.16–52.2; ΣDDT,
0.59–126 ng/g dw
ΣDDT: India: 8.0–450;
Thailand: 4.8–170; Viet Nam:
0.37–790; Malaysia: 1.8;
Indonesia: 3.4–42; Papua New
Guinea: 4.7–130; Solomon
Islands: 9.3–750; Japan: 2.5–12;
Australia: < 0.01–1700 ng/g dw
ΣDDT: sediment: < 0.01–
128 600, soil: 34–903 ng/g

Reference
Brilhante &
Franco (2006)

DDTs were detected in all sediment
samples; benthic organisms were also
employed for DDT environmental
exposure levels

Zhao et al.
(2009)
Humphries
(2013)

DDT detection reflected a recent
contamination in the study area

Poolpak et al.
(2008)
Mahmood
et al. (2014)

Concentrations of DDTs were higher
than those reported in the sediments
from other regions of the world

Xu et al.
(2013b)
Iwata et al.
(1994)

Sediment from 20 sites; soil from
15 mostly agricultural areas;
approximately 20-year data

Sharma et al.
(2014)

DDT
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Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Bahrain, Oman, Qatar and the
United Arab Emirates (UAE)
2000 & 2001

Coastal
sediment

NR

Canada
Toronto
2002
Mexico, Culiacan Valley,
Sinaloa
2007

Soil and
sediment

NR

ΣDDT: Bahrain: 0.088–0.430;
Oman: 0.7 × 10−3 to 0.0852;
Qatar: 0.63 × 10−3 to 0.0367;
UAE: ND–0.0519 ng/g dw
ΣDDT: soil: 1–18; sediment:
0.2–472 ng/g

Agricultural
sediment

NR

ΣDDT, 1.1–25.95 ng/g dw

NR

p,p′-DDE, ND–0.46; p,p′-DDD,
ND–0.16; o,p′-DDT, ND–0.11;
p,p′-DDT, ND–4.05 ppm
p,p′-DDE, 2.05–8.8; o,p′-DDT,
0.05–1.69; p,p′-DDT, 0.03–1.12;
p,p′-DDD, < 0.01–1.23; ΣDDT,
0.12–11.01 ng/g dw
ΣDDT, ND–2417 ng/g

Jordan, Humrat Al-Sahn,
Soil
Jordan Valley
1998
Brazil, Itirapina region at the
Soil
Northeastern part of Sao Paulo
2005
China, Beijing-Tianjin-Hebei
Economic Zone and Bohai Bay
Rim city
Year NA
USA, Texas
Year NR

Surface soils

p,p′-DDE, 5.16;
o,p′-DDT, 0.47; p,p′DDT, 0.5; p,p′-DDD,
0.48 ng/g dw
ΣDDT, 73.9 ng/g

Soil

NR

South Africa, Limpopo
February 2008

Outside soil

ΣDDT: exposed area:
25; control area:
21 ng/g dw

Comments

DDE, Palmview, ND–60; San
Benito, 2–60; Harlingen, 1–20;
McAllen, 10–50 ng/g
ΣDDT: exposed area: 5.7–59;
control area: 2.1–93 ng/g dw

Reference
de Mora et al.
(2005)
Wong et al.
(2009b)

The Culiacan Valley is an extensive
agricultural region characterized
by a variety of crops with high-yield
production; measurements were taken
in the agricultural drainage system
of the valley; highest measured
concentration among the DDTrelated compounds was for p,p′-DDE
(20.19 ng/g dw)
Mean values reported for five different
sites

García de la
Parra et al.
(2012)

Industrial area where technical DDT
was highly produced

Li et al. (2011)

Soils were collected from elementary
school yards in cities/towns in the
state of Texas

Miersma et al.
(2003)

Al-Mughrabi
& Qrunfleh
(2002)
Rissato et al.
(2006)

Van Dyk et al.
(2010)
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Table 1.3 (continued)

Table 1.3 (continued)
Sampling
matrix

Exposure
Levela

Range

Eastern and southern Asia and
Oceania
August 1989 to October 1991

Air

NA

Global
2005

Air

NA

Mexico, Chiapas and
Monterrey, and other Mexico
sites
2005–2006
USA, Canada, Mexico, and
Belize
2000–2001

Air

ΣDDT, 558 pg/m3

Air

NR

China, Shanghai
2008–2011

Air

South Africa, Limpopo
Province
February 2008
China, Shanghai
2008–2011

Indoor air

ΣDDT: air–gas
phase: 4.78;
air–particulate:
9.13 pg/m3
(median)
ΣDDT: exposed area:
3900; control area:
10 ng/m3
ΣDDT: indoor dust:
29.8; outdoor dust:
5.7 ng/g
(median)

South Africa, Limpopo
Province
February 2008

Floor dust

ΣDDT: India: 46–12 000;
Thailand: 35–2600; Viet Nam:
1700–2400; Solomon Islands:
1300; Japan: 75; Taiwan, China:
230; Australia, 8.8–22 pg/m3
p,p′-DDE: Delhi: 3600–6600;
Reported from the first year of the
California: 210–460; Canary
Global Atmospheric Passive Sampling
Islands: 190–250 pg/m3
(GAPS) Network
Highest and seasonably variable
concentrations were detected at two
agricultural sites near Delhi, India
ΣDDT: southern Mexico sites:
239–2360; central sites: 15–750;
Monterrey: 15; Chiapas:
2360 pg/m3
p,p′-DDT, 0.12–360; p,p′The highest levels of DDT-related
DDE, 0.04–378; p,p′-DDD,
compounds were found in Mexico
0.11–100 pg/m3
and Belize, which were about an order
of magnitude higher than in the USA
and southern Canada, and more than
two orders of magnitude higher than
in samples from the Arctic region
ΣDDT: air–gas phase:
Estimated total daily uptake ΣDDT
ND–142.2, air–particulate:
from food, dust and air 79.4 ng/day
ND–120 pg/m3
for children and 131.1 ng/day for
adults
> 95% from food
ΣDDT: exposed area:
1100–8800; control area:
1.5–41 ng/m3
ΣDDT: indoor dust: 0.15–179,
Estimated total daily uptake of
outdoor dust: 0.16–107 ng/g
ΣDDT from food, dust, and air
was 79.4 ng/day for children and
131.1 ng/day for adults; > 95% from
food
ΣDDT: in exposed area:
8.3–4800; in control area:
0.1–8.9 μg/m2

Dust

ΣDDT: in exposed
area: 1200; in control
area: 1.8 μg/m2

Comments

Reference
Iwata et al.
(1994)

Poo et al.
(2009)

Wong et al.
(2009a)
Shen et al.
(2005)

Yu et al. (2012)

Van Dyk et al.
(2010)
Yu et al. (2012)

Van Dyk et al.
(2010)

DDT
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Location,
collection date

Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Singapore
2005
Mexico, Chihuahua
Year NR

House dust

ΣDDT, 14 ng/g
(median)
NR

ΣDDT, < LOD–770 ng/g

USA, California
2001–2006

Carpet dust

NA

USA, Iowa, Los Angeles
county, Detroit, and Seattle
1999–2001

Carpet dust

p,p′-DDE, 9.4; p,p′DDT, 16 ng/g
(geometric mean)
p,p′-DDE, 43; p,p′DDT, 343 ng/g

House dust

DDT, 1–9587; DDE,
1–797 ng/ g

NA

Comments

Reference

∑DDT represented p,p′-DDE, p,p′DDD and p,p′-DDT
Chihuahua is a north Mexican state
where DDT was sprayed several years
previously for malaria-vector control
Exposure assessment to DDT
and other organochlorines using
residential carpet dust

Tan et al.
(2007)
Díaz-BarrigaMartinez et al.
(2012)
Ward et al.
(2009)
Colt et al.
(2004)

Arithmetic mean, unless otherwise stated
DDT is still used in specific areas of South Africa for indoor residual spray to control malaria vectors. In this study, indoor air, floor dust, outside soil, and drinking-water were
sampled for measurement of DDT and related compounds in summer, 2 months after indoor residual spraying
ΣDDT, total DDT corresponding to the sum of o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT, and p,p′-DDT; DDE, dichlorodiphenyldichloroethylene; DDT,
dichlorodiphenyltrichloroethane; LOD, detection limit; dw, dry weight; NA, not applicable; ND, not determined; NR, not reported
a

b
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DDT
ΣDDT at above the detection limit of 500 ng/L
(Van Dyk et al., 2010).
(b)

Soil and sediment

DDT and other persistent OCPs are found
in soil and sediment samples from all regions
of the globe, and residues are widely distributed in all types of soil (Table 1.3). For example
in 2003, soils from elementary school yards in
cities/towns within the state of Texas, USA,
were reported to contain DDE at concentrations
between 1 and 60 ng/g (Miersma et al., 2003). Soil
sampled in 1998 from Humrat Al-Sahn in Jordan
had levels of p,p′-DDE, p,p′-DDD, o,p′-DDT, and
p,p′-DDT which ranged from ND to 0.46 ppm,
ND to 0.16 ppm, ND to 0.11 ppm, and ND to 4.05
ppm, respectively (Al-Mughrabi & Qrunfleh,
2002). In Canada, in 2002, ΣDDT concentrations ranging from 1.0 to 18 ng/g were detected
in soil in suburban Toronto (Wong et al., 2009b).
In Sao Paulo, Brazil, ΣDDT concentrations in
soil ranged from 0.12 to 11.01 ng/g dry weight
(Rissato et al., 2006). In a review by Sharma et al.
(2014), mean ΣDDT concentrations ranged from
34–903 ng/g in soil at 15 mainly agricultural
sites in India. DDT concentrations exceeding
100 ng/g have been reported in sediment from
several countries in Asia; the highest concentrations of ΣDDT, > 100 000 ng/g, were measured
in India (Iwata et al., 1994; Sharma et al., 2014).
(c)

Residential dust

In Chihuahua, Mexico, DDT and DDE
concentrations quantified in household dust
ranged from 1 to 9587 ng/g and 1 to 797 ng/g,
respectively (Díaz-Barriga Martinez et al., 2012).
In Singapore, the median ΣDDT concentration
in 31 samples of house dust was 14 ng/g dust,
with a range of below the limit of detection
to 770 ng/g dust (Tan et al., 2007). In a study
in California, USA, in 2001–2006, geometric
mean concentrations of p,p′-DDE and p,p′-DDT
detected in samples of carpet dust were 9.4 and
16 ng/g dust, respectively (Ward et al., 2009). In

carpet-dust samples collected from the homes of
513 control subjects in Detroit, Iowa, Los Angeles,
and Seattle, USA, between 1999 and 2001, mean
concentrations of p,p′-DDE and p,p′-DDT were
43 and 343 ng/g dust (Colt et al., 2004).
(d)

Air

A study on the atmospheric distribution of
OCPs in North America between 2000 and 2001
reported that concentrations were in the range of
0.12–360 pg/m3 for DDT, 0.04–378 pg/m3 for DDE,
and 0.11–100 pg/m3 for DDD; the highest levels
of DDT-related substances found in Mexico and
Belize which about an order of magnitude higher
than in the USA and southern Canada, and more
than two orders of magnitude higher than in
samples from the Arctic region (Shen et al., 2005).
A study from the Global Atmospheric Passive
Sampling Network reported that DDE concentrations were below the limit of detection at most
sites. DDE concentrations at a background site
in the Canary Islands in 2005 were between 190
and 250 pg/m3, and at a rural site in California,
USA, were in the range of 210–460 pg/m3, but
higher levels (3600–6600 pg/m3) were detected
at two agricultural sites near Delhi, India (Pozo
et al., 2009). In Mexico, the highest concentration
of ΣDDT was found in Chiapas (2360 pg/m3) and
the lowest in Monterrey (15 pg/m3). In general
terms, levels measured between 2005 and 2006
tended to be higher in the southern and central
parts of Mexico (Wong et al., 2009a). In Limpopo,
South Africa, in 2008, the mean ΣDDT concentration measured in indoor air was 3900 ng/m3
(Van Dyk et al., 2010).
Between 1989 and 1991, ΣDDT concentrations were measured in air samples from urban
and estuarine areas of eastern and southern
Asia and Oceania; highest concentrations were
measured in India (46–12 000 pg/m3), followed
by Thailand (35–2600 pg/m3) and Viet Nam
(1700–2400 pg/m3) (Iwata et al., 1994).
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Food

DDT and its metabolites have been detected
in many foods and in many countries. Generally,
ΣDDT concentrations were higher in food
containing more fat (see Table 1.4).
In Limpopo, South Africa, in 2008, mean
ΣDDT concentrations were measured in vegetables (mean ΣDDT, 43 ng/g), chicken meat (mean
ΣDDT, 700 ng/g), chicken fat (mean ΣDDT,
240 × 104 ng/g), and chicken liver (mean ΣDDT,
1600 ng/g) (Van Dyk et al., 2010). In Ethiopia
between February and April 2008, ΣDDT
mean concentrations in fish ranged from 0.89
to 172 ng/g wet weight (Deribe et al., 2013). In
Ethiopia in 2010, mean ΣDDT concentrations in
cows’ milk samples from three study sites ranged
from 269 to 477 ng/g milk fat (Gebremichael
et al., 2013).
Dairy products in Jordan were analysed
for DDT and its metabolites between 2001 and
2007, and only p,p′-DDE was detected. Mean
p,p′-DDE concentrations ranged from 0.006 to
0.064 mg/kg fat (Salem et al., 2009). Edible fish
from the Shadegan marshes in the south-western
part of the Islamic Republic of Iran sampled in
2007 had a mean concentration of ΣDDT of
330 ng/g lipid weight, with levels ranging from
43 to 1590 ng/g lipid weight (Davodi et al., 2011).
The main source of human exposure to DDT
in the Americas and Europe is dietary consumption of contaminated meat, fish, poultry, and dairy
products. In the United States Total Diet Study
for the years 1986–1991, mean dietary intakes of
ΣDDT ranged from 0.009 to 0.0448 µg/kg bw per
day across age and sex groups (Gunderson, 1995).
The Canadian Total Diet Study in 1998
reported that DDE was present in 25.8% of
composite samples, with a mean level of 1.2 ng/g
wet weight (ww) of prepared food; and reported
values in dairy products of 0.71–3.48 ng/g ww,
meat and meat products of 0.37–1.14 ng/g ww, and
fish and fish products of 0.43–6.69 ng/g ww (Rawn
et al., 2004). In Mexico, a ΣDDT concentration of
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1.53 ng/g in cows’ milk was reported in Chiapas
in in 2011 (Gutiérrez et al., 2012), while a DDT
concentration of 0.27 ng/g milk fat was reported
in Hidalgo in 2010 (Gutiérrez et al., 2013). Also
in Mexico, in Veracruz, a ΣDDT concentration
of 539 ng/g lipid was reported in bovine meat
(Pardío et al., 2012). On the east coast of Brazil,
ΣDDT concentrations of 0.93 and 2.47 ng/g
w/w were reported in blue shark and swordfish,
respectively (de Azevedo e Silva et al., 2007).
The European Union report on pesticide residues in food indicated that only 368 out of 53 493
samples from 27 countries contained DDT or
its metabolites, mostly in cows’ milk and swine
meat (EFSA, 2015).
In Asia, dietary exposure from food consumption, e.g. vegetables, fruits, and food of animal
origin and animal products, was conducted to
monitor dietary exposures and establish whether
DDT concentrations had declined after DDT use
was banned. In China, Yu et al. (2013) report
dietary intake of DDTs (unspecified) for three
time periods before (1970 and 1992) and after
the ban (2005–2007) on DDT use on food crops.
The range in estimated mean intakes across two
cities and five age groups was 125–240 µg/kg per
day in the 1970s, 21.6–50.2 µg/kg per day in 1992,
and 2.69–4.95 µg/kg per day in 2005–2007. The
decrease in estimated intakes between the 1970s
and 2005/2007 was almost two orders of magnitude. In the 2007 Chinese Total Diet Study,
p,p′-DDT was not detected in any foods, while
the mean concentration of p,p′-DDE ranged
from 0 to 13.3 ng/g across six food groups,
with a maximum value of 53.4 ng/g in aquatic
food products (Zhou et al., 2012). Marine fish
were found to contain DDT at higher concentrations than freshwater fish in 2013 in China
(Fang et al., 2015). Between 2008 and 2011, Yu
et al. (2012) estimated the daily uptake of ΣDDTs
from food, dust, and air to be 79.4 ng per day
for children and 131.1 ng per day for adults, with
> 95% of intake from food consumption. Chung
et al. (2008) in 2005 reported the estimated daily

Table 1.4 Exposure to DDT and its metabolites in food
Location,
collection date

Sampling
matrix

Exposure

Comments

Levela

Range

Ethiopia
Jimma,
Asendabo,
Serbo
March–May
2010
Mexico
Hidalgo
2008- 2010
Mexico
Chiapas
January to
December 2011
India
Haryana
1992–1993 and
1998–1999

Cows’ milk

ΣDDT, 389 ng/g milk fat

ΣDDT, 269–477 ng/g milk fat

Gebremichael
et al. (2013)

Cows’ milk

p,p′-DDT, 2008: 0.22; 2010:
0.27 ng/g milk fat

NR

Gutiérrez et al.
(2013)

Cows’ milk

ΣDDT, 1.53 ng/g milk fat

NR

Gutiérrez et al.
(2012)

Cows’ milk

1992–1993:
p,p′-DDT, 297.8; p,p′-DDE,
27.6; ΣDDT, 514 ng/mL
1998–1999:
p,p′-DDT, 8; p,p′-DDE, 20.4;
ΣDDT, 36.7 ng/mL

China
Beijing and
Shenyang
2005–2007

Cows’ milk

China
Beijing and
Shenyang
2005–2007

Pork, chicken
and crucian
fish

Beijing: p,p′-DDT, 1.26 ± 1.83;
p,p′-DDE,
0.804 ± 0.471 ng/g ww
Shenyang: p,p′-DDT,
0.403 ± 0.264; p,p′-DDE,
0.575 ± 0.426 ng/g ww
p,p′-DDE:
Beijing: pork: 1.19 ± 0.20;
chicken: 0.54 ± 0.25; crucian
fish: 2.98 ± 3.32
Shenyang: pork: 0.21 ± 0.1;
chicken: 0.14 ± 0.04; crucian
fish: 0.59 ± 0.20 ng/g

1992–1993:
p,p′-DDT, 58.2–674.6; p,p′DDE, 6.2–146.9; ΣDDT,
119.9–989.9 ng/mL
1998–1999: p,p′-DDT,
< LOD–78; p,p′-DDE,
< LOD–231.1; ΣDDT,
1.7–286.4 ng/mL
NR

NR

ΣDDT concentrations in cows’ milk
significantly declined (92.8%) from
1992–1993 to 1998–1999

Reference

Kaushik et al.
(2011)

Tao et al. (2008)

Tao et al. (2008)

DDT
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Location,
collection date

Sampling
matrix

Exposure
Levela

Range

South Africa
Limpopo
February 2008

Vegetables,
chicken
muscle,
chicken fat;
chicken liver
Fish

DDT: vegetables: 43; chicken
muscle: 700; chicken fat:
240 000; chicken liver:
1600 ng/g

USA
Aleutian Islands
of Alaska
2004
Brazil
East Coast
2001
Mexico
Veracruz
Year NR

Sockeye
salmon

DDE, 6.9 ng/g w/w
(median)

DDT: vegetables:
10–150; chicken muscle:
69–1400; chicken liver:
52–5600; chicken fat:
99–1 300 000 ng/g
p,p′-DDT: sardine: 663.1;
mackerel: 1540.2
p,p′-DDD: sardine: 22.3;
mackerel: 852.2 ng/g ww
(maximum)
DDE, 0–56 ng/g w/w

Fish

ΣDDT: blue shark: 0.93;
swordfish: 2.47 ng/g w/w

Bovine muscle

ΣDDT: A: 493.1; B: 539.8; C:
1121.7; D: 445.1 ng/g lipid

China
Hong Kong
Special
Administrative
Region
2005

Food

ΣDDT, 0.145 μg/kg bw per day NR

China
Northern
metropolis
2013

Vegetable and
fish

NA

Portugal
October 2002July 2003

p,p′-DDT: sardine: 30.1;
mackerel: 109.9
p,p′-DDD: sardine: 3;
mackerel: 51.9 ng/g ww

Comments

ΣDDT: blue shark: 0.4–2.1;
swordfish: 0.15–10.53 ng/g
w/w
NR

ΣDDT: vegetable: ND–10.4,
fish: 0.77–25.0 ng/g fresh
weight

Reference
Van Dyk et al.
(2010)

Campos et al.
(2005)

Note that in this study the author stated
that p,p′-DDE coeluted with PCB-85
under the gas chromatography conditions
used for the analyses

Hardell et al.
(2010a)
de Azevedo e
Silva et al. (2007)

Livestock originated from four (A–D)
extensive breeding stock on commercial
bovine producing farms located in the
south-western agrarian zone of Veracruz.
Between 28.6% and 66.7% of the samples
were positive for DDT and/or its
metabolites
The mean and high EDIs among
secondary school student consumers were
0.145 and 0.291 μg/kg bw per day
Seafood (39%) and cereal and cereal
products (20%) represented the major
sources of dietary exposure to DDT and
its metabolites
Foodstuffs: cereal and cereal products,
vegetables, fruits, meat, poultry, egg and
their products, seafood, dairy products
EDI of ΣDDT from vegetable; fresh
waterfish and marine fish were 1.13–10.4,
2–40.3 and 2.99–20.2 ng/kg bw per day,
respectively

Pardío et al.
(2012)

Chung et al.
(2008)

Fang et al. (2015)
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Table 1.4 (continued)
Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Thailand
1989–1996

Food

DDT levels in 1989 and 1996:
Meat and milk: 10– < 2;
poultry and eggs: 15–5; fats
and oils: 35–ND ng/g or ng/L

NR

Japan
Fukuoka
1992–1993

Food

Fish and fish products: p,p′DDE, < LOD–24.8; ΣDDT,
< LOD–40.64
Meat and meat products:
p,p′-DDE, 1.04–6.54; ΣDDT,
1.04–15.06 μg/kg

Brazil
Ponta Grossa
lake
2008
Jordan
2001–2007

Fresh-water
fish

Fish and fish products: p,p′DDE, 4.74; ΣDDT, 7.58
Meat and meat products: p,p′DDE, 2.87; ΣDDT, 5.25
Eggs: p,p′-DDE, 1.28; ΣDDT,
1.28
Cheese: p,p′-DDE, 2.24;
ΣDDT, 2.28 μg/kg
ΣDDT: liver: 105; muscle:
29.9 ng/g dw

Reference

In Thai total diet, highest DDT levels were
found in meat and milk, poultry and eggs
and fats and oils; these concentrations
decreased in 1989–1996. The dietary daily
intake of DDT showed a gradual decline
in 1989–1996 from 0.042 to 0.005 μg/kg
bw per day
p,p′-DDE was widely detected in the foods
analysed, and levels were high in foods
high in fat. Fish, fish products, meat, eggs,
milk and milk products were analysed
as the major sources of ΣDDT. The EDI
in Japan from food was 1.42 μg/day per
person

Vongbuddhapitak
et al. (2002)

ΣDDT: liver: 2–641. muscle:
ND–210 ng/g dw

Nakagawa et al.
(1995)

Bussolaro et al.
(2012)

Milk: 5–70, butter: 8–10;
cheese: 5–430; labneh: 5–6;
yoghurt: 6–60 μg/kg fat
ΣDDT, 43–1590 ng/g lipid
weight

o,p′-DDD, p,p′-DDD, o,p′-DDE, o,p′-DDT,
p,p′-DDT were all ND

Salem et al.
(2009)

Concentrations of DDE > DDD > DDT

Davodi et al.
(2011)

Liver: DDE, < LOQ–89;
DDT, < LOQ‑28
Muscle: DDE, 0.5–2199;
DDT, < LOQ–7.5 ng/g ww

Values are the means of results from three
different birds: pintail, common teal and
maillard
DDE = sum of o,p′-DDE and p-p′-DDE;
DDT = sum of o,p′-DDT and p-p′-DDT

Rajaei et al. (2010)

p,p′-DDE: dairy: 0.71–3.48.
meat: 0.37–1.14; fish:
0.43–6.69 ng/g ww

Canadian total diet study; 25.8% of the
food samples were positive for p,p′-DDE
compared with 28.9% in 1992–1996

Rawn et al. (2004)
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DDT

Dairy products p,p′-DDE: milk: 27; butter: 9;
cheese: 64; labneh: 6; yoghurt:
32 μg/kg fat
Islamic Republic Fish
ΣDDT, 330 ± 335 ng/g lipid
of Iran
weight
Shadegan
Marshes
October &
November 2007
Islamic Republic Liver and
Liver: DDE, 19; DDT, 9.3
of Iran
muscle tissue
Muscle: DDE, 396.8; DDT,
Fereydoonof birds
2 ng/g ww
kenar, Wildlife
Refuge
Winter 2008
Canada
Food
p,p′-DDE, 1.2 ng/g ww
Yukon
1998

Comments

Location,
collection date

Sampling
matrix

Exposure

Comments

Reference

Levela

Range

Ethiopia
Lake Ziway, Rift
Valley
February–April
2008
USA
1986–1991

Fish

ΣDDT, 18.02 ng g ww

ΣDDT, 0.89–171.96 ng/g ww

Mean reported for four different fish
Deribe et al.
species. Levels reported for p,p′-DDT, p,p′- (2013)
DDE and p,p′-DDD

Food

NA

Total diet study estimated across eight age
groups

Gunderson (1995)

China
Beijing,
Shenyang
1970s, 1992,
2005–2007
China
Shanghai
2008–2011

Food

NA

ΣDDT, 0.009–0.0448; p,p′DDT, 0.0004–0.0011; p,p′DDE, 0.0082–0.0441 μg/kg
bw per day
1970s: 125–240;
1992: 21.6–50.2
2005–2007: 2.69–5.88 μg/kg
per day

Temporal trend dietary intake

Yu et al. (2013)

Food

ΣDDT: fish: 0.51–340.1;
shellfish: 0.1–13.2;
livestock: 0.2–0.98; poultry:
0.06–0.93 ng/g ww

Estimated total daily uptake of ΣDDT
from food, dust, and air was 79.4 ng/day
for children and 131.1 ng/day for adults; >
95% from food

Yu et al. (2012)

China
2007

Food

ΣDDT (range of median):
fish: 1.86–126.6; shellfish:
0.59–8.34; livestock: 0.2–0.5;
poultry: 0.35–0.38 ng/g ww
(median)
p,p′-DDE: aquatic foods and
aquatic food products, 13.3;
meat and meat products,
3.65; eggs and egg products,
0.96; milk and milk products,
0.46; vegetables and vegetable
products, 0.25 ng/g

p,p′-DDE: aquatic foods
and aquatic food products,
1.21–53.4; meat and meat
products, 0–13.3; eggs and
egg products, 0–6.59; milk
and milk products, 0–1.36;
vegetables and vegetable
products, 0–2.12 ng/g

Chinese total diet study; estimated
average dietary exposure to ΣDDT
was 0.016 μg/kg bw per day; authors
stated that this represented a significant
decrease compared with the past
p,p′-DDE was the only DDT-related
compound detected in food samples;
aquatic foods and aquatic food products,
meat and meat products and eggs and egg
products were the major dietary sources
of p,p′-DDE

Zhou et al. (2012)

ΣDDT, total DDT corresponding to the sum of o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT, and p,p′-DDT; DDE, dichlorodiphenyldichloroethylene; DDT,
dichlorodiphenyltrichloroethane; dw, dry weight; EDI, estimated daily intake; LOD, limit of detection; LOQ, limit of quantification; NA, not applicable; ND, not detected; NR, not
reported; PTDI, the provisional tolerable daily intake; w/w, weight per weight; ww, wet weight
a Arithmetic mean, unless otherwise stated
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DDT
intake of DDT and its metabolites, finding that
the mean and maximum estimated daily intakes
among secondary school students, 0.145 and
0.291 μg/kg bw per day, fell below the provisional tolerable daily intake of 10 μg/kg bw per
day established by the Joint FAO/WHO Expert
Committee on Food Additives (JECFA) (Food
and Agriculture Organization of the United
Nations/World Health Organization). However,
the reported average estimated daily intakes were
one to three orders of magnitude higher than
those reported in Australia (FSANZ, 2003), New
Zealand (NZFSA, 2005), Japan (Maitani, 2004),
and Thailand (Vongbuddhapitak et al., 2002).

1.4.3 Exposure in the general population
DDT and/or its metabolites, mainly p,p′-DDE,
have been measured in serum in the general
population (in adults and children) in all parts
of the world. Infants can also be exposed to these
compounds, which have been detected in cord
blood, placenta, and breast milk. ΣDDT has been
shown to accumulate in adipose tissue and has
also been detected in hair. Detailed biological
measurements of DDT and its metabolites in the
general population are given in Table 1.5.
Globally there are strong downward trends in
population levels of plasma or serum p,p′-DDT
and p,p′-DDE due to the ban of most uses of DDT
in many countries (Fig. 1.3).
In populations living in homes where there
has been indoor residual spraying for malaria
control, the corresponding decrease is less and
current levels are about 60 times higher than in
comparable areas not subject to malaria-vector
control (Ritter et al., 2011).
In breast milk, total DDT concentrations of
up to 380 000 ng/g lipid have been reported in
India in 1982 and in Zimbabwe in 1993–1995
(Ramachandran et al., 1984; Chikuni et al.,
1997). ΣDDT concentrations in breast milk have
tended to decrease globally, but remain high in
some countries (Table 1.5).

The United Nations Environment Programme
(UNEP) and WHO (UNEP/WHO, 2013) have
presented the results of a global survey on
concentrations of persistent organic pollutants in human milk. Large global differences
with respect to contamination by DDT and its
metabolites during 2000–2012 were apparent;
the five countries with higher levels of total DDT
in ascending order were Haiti, India, Solomon
Islands, Tajikistan, and Ethiopia, which reported
levels well above 20 000 ng/g lipid. Lower levels
were reported for the Nordic countries.

1.4.4 Exposure assessment in epidemiological
studies on DDT
The key epidemiological studies evaluated in this monograph can be categorized as
studies of occupational exposure in farmers and
commercial applicators, and studies involving
the general population using questionnaire- or
biological-based exposure assessments to DDT.
The present section provides an assessment of the
strengths and weaknesses of the exposure assessment and assignment methods used in these
studies. The absence of similar detailed discussions for other epidemiological investigations
should not be construed to suggest that these
studies are inferior. In fact, in many ways these
studies have improved on pesticide-exposure
assessment when compared with earlier studies.
(a)

Occupational exposure

In studies of occupational exposure to DDT
among farmers and commercial applicators,
exposure assessment has relied on either retrospective reporting of DDT use and similar
reporting of factors potentially affecting exposure, or on job-title and task review to determine
the circumstances of DDT exposure (Cocco
et al., 2005; Alavanja et al., 2014). In both types
of study, semiquantitative exposure scores were
derived using exposure algorithms.
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Location,
collection date

Sampling
matrix

Exposure

Comments

Reference

Levela

Range

USA
1994–1995
USA
North Carolina
1978–1982 and
folllow up in
2003–2004
USA
Akwesasne
Mohawk Nation
1996–2000
Mexico
Mexico City
1994–1996
Mexico
Morelos
1999

Serum

NR

Serum

DDE, 0.637 ± 0.125 μg/g
lipid
DDE: 1978–1982: 8.5;
follow-up 2003–2004:
1.2 μg/L
(median)

DDE: 1978–1982: 1.3–41;
follow-up: 0.01–11 μg/L

Pretreatment concentrations in NHL patients
(lipid-adjusted)
Baseline: 1978–1982 (pregnant women) and
follow-up organochlorine levels were compared

Baris et al.
(2000)
Vo et al. (2008)

Serum

p,p′-DDE, 0.45 ± 0.35 ppb

NR

Male adolescents (age, 10 to < 17 years)

Schell et al.
(2014)

Serum

DDE, 505.46; p,p′-DDT,
84.53 ng/g lipid

Control women participating in a breast cancer
case–control study

López-Carrillo
et al. (1997)

Serum

p,p′-DDE,
21.8 ± 2.58; p,p′-DDT,
2.9 ± 2.84 ng/mL
(geometric mean)
p,p′-DDE, 2,51; p,p′-DDT,
0.23 μg/g lipid

DDE, 0.004–4361.7; p,p′DDT, 0.012–1262.7 ng/g
lipid
NR

Women of childbearing age

López-Carrillo
et al. (2001)

Mexico
Mexico City
1990–1995
Mexico
Chiapas
2002–2003

Serum

p,p′-DDE, 0.97–6.05. p,p′DDT, 0.04–0.33 μg/g lipid

Control women participating in a breast cancer
case–control study

Romieu et al.
(2000)

Serum

p,p′-DDE, 2.7; p,p′-DDT,
0.3 μg/g lipid
(median)

NR

Cupul-Uicab
et al. (2010)

Serum

p,p′-DDE, 1.24; p,p′-DDT,
0.38 μg/L

p,p′-DDE, 0.25–10.3; p,p′DDT, 0.25–1 μg/L

Serum

Men: p,p′-DDE, 8.32;
o,p′-DDT, 0.30; p,p′-DDT,
3.09; p,p′-DDD, 0.61
Women: p,p′-DDE, 9.64;
o,p′-DDT, 0.42; p,p′DDT, 3.2; p,p′-DDD,
0.66 ng/mL
(median)

P25–P75 men: p,p′-DDE,
2.86–21.9; o,p′-DDT:
< LOD–0.89; p,p′-DDT,
0.94–6.96; p,p′-DDD,
0.19–1.34
P25–P75 women: p,p′DDE, 3.45–28.9; o,p′-DDT,
< LOD–1.10; p,p′-DDT,
1.03–7.59; p,p′-DDD,
0.21–1.41 ng/mL

Levels in serum from mothers at delivery; this
population was exposed for almost 40 years:
DDT was used for agriculture until 1991 and for
malaria control until 1998
Children aged 6–12 years
p,p′-DDE in serum was found in 100% of the
children whereas p,p′-DDT was found in 25%
Levels in men and women in a heavily
contaminated rural area in Brazil

Mexico
Sonora
2009
Brazil
Rio de Janeiro
2003–2004

MezaMontenegro
et al. (2013)
Freire et al.
(2013)
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Table 1.5 Biological measurements of DDT and its metabolites in the general population

Table 1.5 (continued)
Sampling
matrix

Exposure
Levela

Range

Saudi Arabia
Riyadh
NR
Tunisia
Bizerte
June 2011 to May
2012
Egypt
Port Said region
July 1999 to July
2000
Benin Republique
Borgou region
2011
South Africa
KwaZulu
November 1986 to
November 1987
South Africa
KwaZulu-Natal
Province
2008

Serum

ΣDDT: diabetics:
18.3 ± 1.4; non-diabetics:
11.8 ± 1.3 ng/mL
p,p′-DDE, 168.8 ± 158;
p,p′-DDT, 24.3 ± 18.8;
ΣDDT, 213.1 ± 160 ng/g
lipid
DDE, 31 ng/g

NR

DDE, 12–44 ng/g

Ahmed et al.
(2002)

p,p′-DDT, 32; p,p′-DDE,
607.2 ng/g total lipid
(geometric mean)
Range of means: p,p′DDE, 103.4–127.1; p,p′DDT, 31.4–47.5; ΣDDTs
140.9–174.6 μg/L
o,p′-DDE, 9; p,p′-DDE,
3840; o,p′-DDD, 8; p,p′DDD, 26; o,p′-DDT; 168;
p,p′-DDT, 2194 ng/g lipid
(geometric mean)
p,p′-DDE, 5900; p,p′DDD, 1500; o,p′-DDD,
1500; ΣDDT, 7300 ng/g
lipid
p,p′-DDE: boys, 104; girls,
84 ng/g lipid
(median)
p,p′-DDE, 84.8 ng/g lipid
(median)

p,p-DDT, 22.8–45; p,p′DDE, 453–813.9 ng/g total
lipid
NR

Azandjeme
et al. (2014)

o,p′-DDE, 7–10; p,p′-DDE,
3008–4902; o,p′-DDD, 6–9;
p,p′-DDD, 20–32; o,p′DDT, 127–221; p,p′-DDT,
1706–2823. ng/g lipid
p,p′-DDE, 1200–23 000;
p,p′-DDD; 800–3800; o,p′DDD, 300–2700; ΣDDT,
1300–23 000 ng/g lipid
p,p′-DDE 10th‑90th
percentile: boys: 47–404;
girls: 39–247 ng/g lipid
p,p′-DDE, 51.9–131.3 ng/g
lipid

Data reported for women living in malariaendemic areas who were admitted for delivery at
the local hospital

Channa et al.
(2012)

Sampling was done in February 2008 during the
summer season 2 months after the IRS process
was completed

Van Dyk et al.
(2010)

Serum measurements in adolescents (aged 14–15
years)

Den Hond
et al. (2011)

Women CECILE Study

Bachelet et al.
(2011)

p,p′-DDE, 88.7; p,p′-DDT,
3.6 ng/g lipid
(geometric mean)

p,p′-DDE, 72.5–108.6; p,p′DDT, 2.6–5.1 ng/g lipid

French National Nutrition and Health Study

Saoudi et al.
(2014)

Serum

Serum

Serum
Serum

Serum

South Africa
Limpopo
2008

Serum

Belgium
Flanders
2003–2004
France
Ille-et-Vilaine
Côte d’Or
2005–2007
France
2006–2007

Serum
Serum

Serum

Maximum: p,p′-DDE, 950.4;
p,p′-DDT, 71.5; ΣDDT,
994.6 ng/g lipid

Comments

Reference

The study compared serum concentrations of
DDT and its metabolites in diabetic and nondiabetic individuals

Al-Othman
et al. (2015)
Ben-Hassine et
al. (2014)

Bouwman et al.
(1994)

DDT
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Location,
collection date

Location,
collection date

Sampling
matrix

Exposure

Comments

Levela

Range

Spain
Barcelona
2002–2006

Serum

2002: p,p′-DDE, 491.2;
p,p′-DDT, 37.2;
2006: p,p′-DDE, 233.6;
p,p′-DDT, 20.3 ng/g lipid
(geometric mean)

Spain
Ribera d’Ebre and
Menorca
1997–1999 and
2001–2012

Serum

Spain
Asturias, Navarra,
Guipúzcoa,
Murcia and
Granada)
1992–1996
Japan
Akita prefecture,
a rural area in
northern Japan
1999
the Russian
Federation
Chapaevsk
2003–2005
Thailand
a highland village
at the north of
Chiang Mai
2003–2004

Serum

p,p′-DDE:
Ribera d’Ebre: cord: 0.86;
4 years: 0.75; 14 years:
0.12
Menorca: cord, 1.03;
4 years, 0.81; 14 years,
0.33 ng/mL
(median)
DDE, 822.1 ng/g lipid
(geometric mean)

2002: p,p′-DDE,
421.3–572.7; p,p′-DDT,
31.9–43.5
2006: p,p′-DDE,
206.8–263.8; p,p′-DDT,
17.9–22.9 ng/g lipid
p,p′-DDE (25th−75th
percentile):
Ribera d’Ebre: cord, 0.50–
1.68; 4 years, 0.38–1.32; 14
years, 0.09–0.19
Menorca: cord: 0.57–1.94;
4 years, 0.44–1.77; 14 years,
0.23–0.58 ng/mL
DDE, 779.2–867.2 ng/g lipid

Reference
Porta et al.
(2012)

Follow-up of organochlorine compounds serum
concentration in children from birth until
adolescence. Three measurements: at birth
(cord), age 4 years, and age 14 years

Gascon et al.
(2015)

Participants in the EPIC cohort; Murcia and
Granada showed higher levels with geometric
mean for p,p-DDE of 1287.2 and 957.4 ng/g lipid,
respectively

Jakszyn et al.
(2009)

Serum

p,p′-DDE + p,p′-DDT,
6.3 ng/mL

p,p′-DDE + p,p′-DDT,
0.9–31 ng/mL

Serum

p,p′-DDE median,
287 ng/g lipid

p,p′-DDE 10th‑90th
percentile, 122–866 ng/g
lipid

Serum

p,p′-DDE, 4013, p,p′DDD, 390.5; p,p′-DDT,
628.7 ng/g lipid
(geometric mean)

p,p′-DDE, 1325–12 683; p,p′- Measurements in adult men
DDD, 212–1162; p,p′-DDT,
225–3085 ng/g lipid

Hanaoka et al.,
(2002)

Serum measurements in Russian boys aged 8 and
9 years; association with growth was evaluated

Burns et al.
(2012)
Asawasinsopon
et al. (2006b)
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Table 1.5 (continued)

Table 1.5 (continued)
Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Greenland,
Sweden, Poland,
Ukraine
Warsaw, Kharkiv
June 2002 to May
2004
Republic of Korea
Uljin county
2006

Serum

p,p′-DDE:
Sweden: 820; Ukraine:
620; Poland: 360.
Greenland: 300 ng/g lipid
(median)

p,p′-DDE:
Sweden: 92–14 000;
Ukraine: 230–1800; Poland:
100–1100. Greenland:
26–1700 ng/g lipid

Serum

NA

India
Ahmedabad urban
area
Year NR

Serum

India
Delhi
1982
Thailand
nationwide
2011

Serum

p,p′-DDE, 376 ± 290.7;
p,p′-DDD, 5.7 ± 3.7; p,p′DDT, 23.8 ± 12.1; o,p′DDT, 3.2 ± 2.8 ng/g lipid
p,p′-DDE, 20.74; o,p′DDT, 0.99; p,p′-DDD, 1.6;
p,p′-DDT, 7.65; ΣDDT,
29.63 ng/mL
(median)
ΣDDT, 390 ng/mL
(geometric mean)

Egypt
Cairo and Nile
Delta
NR

Serum

Republic of Korea
Seoul, Pyuncheon,
Anson and Jeju
2011
New Zealand
Nationwide
1996–1997

Serum

Serum

Serum

Males: p,p′-DDE, 1539;
p,p′-DDT, 135
Females: p,p′-DDE, 1547;
p,p′-DDT, 133 ng/g lipid
(geometric mean)
Rural women: DDE, 17.3;
ΣDDT, 18.3
Urban women: DDE, 9.7;
ΣDDT, 9.9 ppb
(geometric mean)
p,p′-DDE, 57.4; p,p′-DDT,
5.2; ΣDDT, 64.4 ng/g lipid
(median)

Males: p,p′-DDE, 1242–
1837; p,p′-DDT, 116–164
Females: p,p′-DDE,
1293–1806; p,p′-DDT,
112–147 ng/g lipid
Rural women: DDE,
0–142.1; ΣDDT, 0–144.8
Urban women: DDE,
0.7–59.8; ΣDDT, 0.7–61.8
ppb
25th–75th percentile:
p,p′-DDE, 38.8–78.9; p,p′DDT, 2.94–8.99; ΣDDT,
42.2–92.4 ng/g lipid
NR

Reference

Part of the INUENDO Collaborative Project;
measurements in women

Axmon et al.
(2006)

Son et al.
(2010)
Measurements in adult men

Bhatnagar et al.
(2004)

Ramachandran
et al. (1984)
Teeyapant et al.
(2014)

Interestingly, women with low DDE serum levels
had breast-fed their children for an average of 18
months; women with no lactation history had
much higher organochlorine levels than women
who breast-fed
Pregnant women (n = 138) from five university
hospitals; blood samples were collected on the
day before delivery

Soliman et al.
(2003)

General trend of increasing concentration with
age, and no consistent differences between the
sexes, or between people of Maori and nonMaori ethnicity

Bates et al.
(2004)

Kim et al.
(2013a)
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p,p′-DDE: 15–24 years:
646; 25–34 years: 771;
35–49 years: 1060;
50–64 years: 1310; 65+:
1780 ng/g lipid

p,p′-DDE, 10.43–38.33;
o,p′-DDT, 0.42–2.41;
p,p′-DDD, 0.77–4.43; p,p′DDT, 3.66–24.06; ΣDDT,
21.17–54.47 ng/mL
ΣDDT, ND–4610 ng/mL

Comments

Location,
collection date

Sampling
matrix

Peru
Trujillo
2004–2005

Serum, cord
blood

Saudi Arabia
Al-Kahrj
2005–2006

Thailand
Chiang Mai
Province
2003–2004
Thailand
Chiang Mai,
Chiang Dao
district
2003–2004
China
Shanxi province
2005–2007

Exposure
Levela

p,p′-DDE: 1st trimester:
581; 2nd trimester: 486;
3rd trimester: 418; cord:
383
p,p′-DDT: 1st trimester:
39; 2nd trimester: 32;
3rd trimester: 29; cord:
20 ng/g lipid
(geometric mean)
Serum,
Cord: p,p′-DDE, 0.197;
cord blood,
p,p′-DDD, 0.005; p,p′placental
DDT, 0.005 μg/L
tissue
Maternal serum:
p,p′-DDE, 0.551; p,p′DDD, 0.002; p,p′-DDT,
0.008 μg/L
Placenta: p,p′-DDE, 10.17;
p,p′-DDD, 7.042; p,p′DDT, 29.62 μg/kg dw
Maternal and Maternal/cord serum:
cord sera
p,p′-DDE, 1191/742; p,p′DDD, 104/89.1; p,p′-DDT,
123/77.1 ng/g lipid
(geometric mean)
Maternal and Maternal/cord sera:
cord sera
p,p′-DDE, 1793/1255; p,p′DDT, 145/102; p,p′-DDD,
152/145 ng/g lipid
(geometric mean)
Placenta

Neural tube defects/
controls: Σo,p′-DDTs,
4.3/2.7; Σp,p′-DDTs,
55/59; ΣDDTs, 60/61 ng/g
lipid
(median)

Comments

Reference

p,p′-DDE: 1st trimester:
373–906; 2nd trimester:
310–762; 3rd trimester:
255–686; cord: 225–652
p,p′-DDT: 1st trimester:
26–59; 2nd trimester:
20–51; 3rd trimester: 18–45;
cord: 12–33 ng/g lipid

Samples collected once per pregnancy trimester
and at delivery in the cord blood; the detection
of DDT and DDE in cord serum suggested
substantial transfer of these compounds from
mother to fetus

Adetona et al.
(2013)

Cord: p,p′-DDE, 0–19.95;
p,p′-DDD, 0–5.08; p,p′DDT, 0–2.97 μg/L
Maternal serum: p,p′-DDE,
0–29; p,p′-DDD, 0–0.90;
p,p′-DDT, 0–3.4 μg/L
Placenta: p,p′-DDE, 0–314,
p,p′-DDD, 0–223; p,p′-DDT,
0–2038 μg/kg dw

Detection of DDT, DDD, and DDE in cord serum Al-Saleh et al.
and placenta suggested substantial transfer of
(2012)
these compounds from mother to fetus

Maternal/cord serum: p,p′DDE, 58.3–7981/81.3–4265,
p,p′-DDD, 16.8–527/24.1–
309, p,p′-DDT, 18.0–
1067/21.5–660 ng/g lipid
Maternal/cord sera: p,p′DDE, 208–27 169/146–
23 185; p,p′-DDT, 11.6–
2003/17–2363; p,p′-DDD,
11.1–2984/28.6–1800 ng/g
lipid
Σo,p′-DDTs: 2–7.6; Σ
p,p′-DDTs, 31–85; ΣDDTs,
35–98 ng/g lipid

Comparison of concentrations of DDT and
metabolites in maternal and cord serum

Asawasinsopon
et al. (2006a)

Pregnant women from an agricultural and
former malaria-endemic area; cord serum levels
of p,p′-DDE, p,p′-DDT, and p,p′-DDD were
approximately 70%, 62%, and 79% of maternal
serum levels, respectively

Sapbamrer
et al. (2008)

Placental concentrations given for newborn
infants with neural tube defects compared with
healthy (control) newborn infants

Ren et al.
(2011)

Range
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Table 1.5 (continued)

Table 1.5 (continued)
Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Italy
Brescia, an urban
polluted area
2006
Nicaragua
Rio Atoya basin
NR
USA
New York
1991–1998
Mexico
Quintana Roo
State
2007
Mexico
Chiapas
2012
South Africa
Limpopo Province
2010–2011

Serum
placenta
adipose
tissue
plasma and
cord blood

p,p′-DDE: serum: 112.3;
placenta: 62.5; adipose
tissue: 202 ng/g lipid
(median)
p,p′-DDE: maternal
plasma: 7.12; cord blood:
6.39 ng/g
DDE, 5.83 ng/mL

p,p′-DDE, 5th–95th
percentile: serum: 42–377;
placenta: 24–226; adipose
tissue: 76–730 ng/g lipid
p,p′-DDE: maternal plasma:
0–35.23; cord blood:
0–9.35 ng/g
DDE, 0.02–23.67 ng/mL

Plasma

p,p′-DDT, 2206; p,p′DDE, 7828 ng/g lipid
(geometric mean)

Plasma

South Africa
7 sites
NR

Plasma

p,p′-DDE, 24.66; p,p′DDT, 14.71 ng/mL
(geometric mean)
p,p′-DDT: unsprayed
villages:0.31; non-DDT
IRS homes: 1.4; DDT-IRS
homes: 2.6 μg/L
p,p′-DDE: unsprayed
villages: 1.7; non-DDT
IRS homes: 7.95; DDTIRS homes: 8.5 μg/L
(median)
Range of means for sites:
p,p′-DDE, 41.1–5178; p,p′DDT, 1.9–1797 ng/g lipid
(geometric mean)

Plasma

Plasma

Comments

Reference
Bergonzi et al.
(2009)

Women at delivery

Dorea et al.
(2001)

Women with cystic disease (not lipid -adjusted)

Blackwood
et al. (1998)

p,p′-DDT, 463.5–9046.3;
p,p′-DDE, 490.8–
57 712.4 ng/g lipid

Children aged 6–12 years living in three
communities

Trejo-Acevedo
et al. (2013)

p,p′-DDE, 1.1–222.6; p,p′DDT, 6.37–29.66 ng/mL

Middle-aged men and women; a high proportion Ruiz-Suárez
of participants were engaged in agricultural work et al. (2014)

p,p′-DDT: unsprayed
villages: 0.11–0.86;
non-DDT IRS homes:
0.5–3; DDT-IRS homes:
1.1–6.6 μg/L
p,p′-DDE: unsprayed
villages: 0.7–5.5; non-DDT
IRS homes: 3.4–12; DDTIRS homes: 4.65–18 μg/L
p,p′-DDE,15–14 482; p,p′DDT, 0.9–5278 ng/g lipid

Median and ranges reported for DDT and DDE
in three different exposure settings

Whitworth
et al. (2014)

Measurements in maternal plasma at delivery
from seven different communities: rural, urban,
industrial, fishing, mining, coastal endemic
malaria, inland endemic malaria; highest levels
of DDTs were measured in the coastal malaria
site (Indian Ocean) with geometric means of
5178 ng/g lipid and 1797 ng/g lipid for p,p′-DDE
and p,p′-DDT, and 1966 ng/g lipid and 726 ng/g
lipid for p,p′-DDE and p,p′-DDT in inland
endemic malaria site

Röllin et al.
(2009)

DDT
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Location,
collection date

Sampling
matrix

Exposure

Comments

Reference

Levela

Range

South Africa
Limpopo Province
Year NR

Plasma

Norway
Vestvagoy in
north-western
coast of Norway
1997
Central America
Year NR

Plasma

p,p′-DDT,
109 200 ± 106 600;
p,p′-DDE,
246 200 ± 218 500 ng/g
lipid
p,p′-DDE, 0.936 ng/g lipid
(median)

NR

Measurements in young men from a malaria area

de Jager et al.
(2012)

p,p′-DDE, 0.15–5.075 ng/g
lipid

Women

Furberg et al.
(2002)

Serum

p,p′-DDE + p,p′-DDT,
3.25 ng/mL
(geometric mean)

p,p′-DDE + p,p′-DDT,
0.3–64 ng/mL

PérezMaldonado
et al. (2010)

p,p′-DDE, 280; p,p′-DDT,
18 ng/g lipid
(median)
ΣDDT: Dibrugarb: 417;
Nagaon: 743 ng/mL
(median)

p,p′-DDE, 126–645 ng/g
lipid

Measurements in children from several countries
in Central America, except Mexico; by far the
highest levels were found in children living in
Mexico, with levels of p,p′-DDE+ p,p′-DDT up to
390 ng/mL and a geometric mean of 50 ng/mL
Measurements in women at delivery

Brazil
Sao Paolo State
2007–2008
India
Dibrugarb and
Nagaon districts,
Assam state.
2009–2010
Sweden
1993–2007

Blood

Blood;
adipose
tissue

DDE: blood: 211; adipose
tissue: 555 ng/g lipid
(median)

DDE: blood: 16–3725;
adipose tissue:
41–3900 ng/g lipid

Jordan
Jordan University
Hospital
1996

Adipose
tissue

ΣDDT: 0–14 years: 2.6;
15–29 years: 3.9; 30–44
years: 3.8; 45–59 years:
4.6; 60 years and over:
4.6 ppm

ΣDDT: 0–14 years:
0.36–9.94; 15–29 years:
0.52–16.36; 30–44 years:
0.28–11.04; 45–59 years:
0.11–12.88; 60 years and
over: 0.80–7.68 ppm

India
Delhi
1982

Adipose
tissue

ΣDDT, 15 430 ng/g
(geometric mean)

320–380 000 ng/g

Blood

ΣDDT: Dibrugarb: 4–4718;
Nagaon: 7–9906 ng/mL

Rudge et al.
(2012)
Mishra et al.
(2011)

Measurements in control individuals
participating in different cancer studies; during
1993–2007, an annual decrease of 13.5% was
found for DDE concentrations in both tissues
Means and ranges also reported for individual
metabolites (o,p′-DDT, p,p′-DDT; o,p′-DDE, p,p′DDE; o,p′-DDD, p,p′-DDD) in each age category
and by sex
Men stored higher amounts of ΣDDT than
women; highest levels of ΣDDT were in men (4.3
ppm) and women (5 ppm) aged ≥ 60 years

Hardell et al.
(2010b)
Alawi et al.
(1999)

Ramachandran
et al. (1984)
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Table 1.5 (continued)
Sampling
matrix

Exposure

Comments

Reference

Levela

Range

Denmark
NR
1993 −1997

Adipose
tissue

DDE, 505 ng/g lipid
(median)

DDE, 17–6693 ng/g lipid

Measurements in postmenopausal women.
Adipose tissue concentrations of DDE were
consistently positively associated with age and
the consumption of fish with high fat content.
Total lifetime duration of lactation had an
inverse relationship
Measurements in control and pregnant women

Vaclavik et al.
(2006)

Mexico
Veracruz
2009

Adipose
tissue

Control/pregnant
women: p,p′-DDE, 12–
6007/34–5220; p,p′-DDT,
5–675/6–1695 ng/g lipid

Poland
Poznan
NR
USA
New York
1991–1998
Colombia
Bogota
NR
Tunisia
Bizerte
2010

Adipose
tissue

Control/pregnant
women: p,p′-DDE, 695
/421; p,p′-DDT, 67/42;
ΣDDT, 873/474 ng/g lipid
(median)
ΣDDT, 773 ng/g lipid
(median)

ΣDDT, 258–3570 ng/g lipid

Values are concentrations in control women
from a breast cancer study

Ociepa-Zawal
et al. (2010)

Breast cyst
fluid/plasma

DDE: breast cyst fluid:
1.98; plasma: 4.83 ng/mL

DDE: breast cyst fluid:
0.111–2.35; plasma:
0.02–9.52 ng/mL
p,p′-DDE, 17–14 948 ng/g
lipid (milk fat)

Women with cystic disease; highest levels found
in one woman: 25.27 and 23.67 ng/mL DDE in
breast cyst fluid and plasma, respectively
Measurements in breastfeeding mothers

Blackwood
et al. (1998)

Breast milk

p,p′-DDE, 203 ng/g lipid
(milk fat)

Breast milk

Tunisia
12 different
regions
2003–2005
Islamic Republic
of Iran
Southern coast of
the Caspian sea
2006
South Africa
KwaZulu-Natal
April–November
2002

Breast milk

p,p′-DDE, 371.2; p,p′DDD, 92; p,p′-DDT, 271.2;
ΣDDT, 805.9 ng/g lipid
(median)
p,p′-DDE, 676; p,p′-DDD,
92; p,p′ DDT, 256; ΣDDT,
1931 ng/g lipid

Breast milk

ΣDDT, 2554 ng/g lipid

p,p′-DDE, 73.3–3470.8;
p,p′-DDD, 10.8–1701.6; p,p′DDT, 27.8–2147.3; ΣDDT,
125.8–4574.8 ng/g lipid
p,p′-DDE, 3–6800; p,p′DDD, 2–2461; p,p′-DDT,
1–2499; ΣDDT, 8–7060 ng/g
lipid
ΣDDT, 70–18 370 ng/g lipid

Breast milk

ΣDDT, 83.22 ng/mL

ΣDDT, 3.52–1537.73 ng/mL

HerreroMercado et al.
(2010)

Rojas-Squella
et al. (2013)
Ben-Hassine et
al. (2012)
Ennaceur et al.
(2008)
Behrooz et al.
(2009)

Mean value calculated based on mean values
reported from six subgroups; p,p′-DDE, p,p′DDD and p,p′-DDT levels also reported

Bouwman et al.
(2006)

DDT

67

Location,
collection date

Location,
collection date

Sampling
matrix

Exposure

Comments

Reference

Levela

Range

South Africa
Thohoyando,
a rural district
in the Limpopo
province
April–November
2004
South Africa
KwaZulu-Natal &
Limpopo
2008
South Africa
Thohoyando,
Limpopo Province
2004
Ethiopia
Jimma, Asendabo,
Serbo
March–May 2010

Breast milk

p,p′-DDE, 4580; p,p′DDT, 1600; ΣDDT,
6320 ng/g lipid

p,p′-DDE, 98–13 600; p,p′DDT, 20–6000; ΣDDT,
162–20 200 ng/g lipid

Breast milk

ΣDDT at three sites,
18 000, 11 000 &
9500 ng/g lipid (milk fat)

ΣDDT, 106–140 000 ng/g
lipid

Measurements from women in three DDTsprayed villages

Bouwman et al.
(2012)

Breast milk

NR

p,p′-DDE, 1–14 508; p,p′DDD, ND–5901; ΣDDT,
ND–8504 ng/g lipid

Values reported for 10 sites in Thohoyando area

Okonkwo et al.
(2008)

Breast milk

NR

Values reported for each of the three areas in
which annual spraying with DDT for malaria
control was common

Gebremichael
et al. (2013)

Zimbabwe
Seven sites in
Kariba area
February 1993 to
April 1995
Czech Republic
Nationwide
2005–2009

Breast milk

Mean range: p,p′-DDE,
2520 – 4760; p,p′-DDD,
320–390; p,p′-DDT,
3550–12 200; ΣDDT,
6420–17 170 ng/g lipid
Mean range: p,p′-DDE,
1176–13 606; p,p′-DDT,
250–9080; ΣDDT,
1607–25 259 ng/g lipid

p,p′-DDE: 77–182 523;
p,p′-DDT, 0–53 000; ΣDDT,
85–380 580 ng/g lipid

Chikuni et al.
(1997)

Breast milk

p,p′-DDT, 7600; p,p′DDE, 234 000 ng/g lipid
(median)

NR

Vector-control programmes, agricultural
activities, and possibly dietary habits (since DDT
is also found in the urban population) were the
main contributing factors towards high levels of
DDT and DDT metabolites in breast milk
The Human Biomonitoring Project;
preastfeeding primiparas
p,p′-DDT and p,p′-DDE showed a downward
trend, with median values decreasing
respectively from 41 and 455 mg/kg milk fat in
1996, to 7.6 and 234 mg/kg milk fat in 2009

Cambodia
Phnom Penh
city (urban
area), Meanchey
(suburban area)
1999–2000

Breast milk

ΣDDT: urban area: 1100;
suburban area: 860 ng/g
lipid
(median)

ΣDDT: urban area:
310–11 000, suburban area:
360–3800 ng/g lipid

Darnerud et al.
(2011)

Cerná et al.
(2012)

Kunisue et al.
(2004b)
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Table 1.5 (continued)

Table 1.5 (continued)
Location,
collection date

Sampling
matrix

Exposure
Levela

Range

China
Shanghai
2011–2012

Breast milk

p,p′-DDT, ND–160; p,p′DDE, 42.6–1604; ΣDDT,
52–1643 ng/g lipid

China
Dalian and
Shenyang
2002

Breast milk

Japan
Osaka prefecture
1972–1998

Breast milk

China
Hong Kong SAR
and Guangzhou
1999, 2000

Breast milk

p,p′-DDT, 6.4; p,p′-DDE,
207; ΣDDT, 221 ng/ g
lipid
(median)
Dalian: p,p′-DDE, 2000;
p,p′-DDT, 130; ΣDDT,
2100
Shenyang: p,p′-DDE, 830;
p,p′-DDT, 40; ΣDDT,
870 ng/g lipid
1972: DDE, 1686; DDT,
538
1982: DDE, 2446; DDT,
171
1992: DDE, 510; DDT,
18.2
1998: DDE, 270; DDT,
17.8 ng/g lipid
Guangzhou: p,p′-DDE,
2850; p,p′-DDT, 700
Hong Kong SAR: p,p′DDE, 2480; p,p′-DDT,
390 ng/g lipid
Jakarta: p,p′-DDE, 140;
p,p′-DDT, 10; ΣDDT, 160
Purwakarta: p,p′-DDE,
430; p,p′-DDT, 17; ΣDDT,
440
Bogor: p,p′-DDE, 780;
p,p′-DDT, 16; ΣDDT, 820
Lampung: p,p′-DDE,
860; p,p′-DDT, 8; ΣDDT,
910 ng/g lipid
(median)

Indonesia
Breast milk
Jarkata,
Purwakarta, Bogor
and Lampung
2001–2003

Dalian: p,p′-DDE, 710–
5300; p,p′-DDT, 45–380;
ΣDDT, 780–5400
Shenyang: p,p′-DDE, 110–
3100; p,p′-DDT, 12–140;
ΣDDT, 140–3200 ng/g lipid
1972: DDE, 640–2630;
DDT, 130–1380
1982: DDE, 580–8967; DDT,
82–415
1992: DDE, 102–1318; DDT,
4.5–444
1998: DDE, 77–997; DDT,
4.3–122.7 ng/g lipid
NA

p,p′-DDE, 14–12 000; p,p′DDT, < 2–2400; ΣDDT,
18–15 000 ng/g lipid

Comments

Reference

ΣOCPs in this study were much lower than those
in human breast milk samples collected in 2002
and 2007

Lu et al. (2015)

Kunisue et al.
(2004a)

Compared with peak levels found in 1972 (100%), Konishi et al.
concentrations of DDT and DDE in breast milk
(2001)
fell to about 3% and 16% in 1998, respectively

In Hong Kong SAR, mean p,p′-DDT and p,p′DDE levels (390 and 2480 ng/g lipid) from the
present study (1999) were considerably lower
than those reported 14 years previously (1985)
(i.e. 2170 and 11 670 ng/g lipid)
Study sites were Jakarta (major dumping site
of municipal wastes, urban), Purwakarta
(agriculture, rural), Bogor (city, suburban) and
Lampung (coastal area, rural)

Wong et al.
(2002)

Sudaryanto
et al. (2006)

DDT

69

Location,
collection date

Sampling
matrix

Exposure
Levela

Range

Japan
Fukuoka
prefecture
2001–2004

Breast milk

Primipara: p,p′-DDE, 330;
p,p′-DDT, 13; ΣDDT, 340
Multipara: p,p′-DDE,
220; p,p′-DDT, 10; ΣDDT,
230 ng/g lipid

Republic of Korea
Seoul and
Pyungchon
(residential area),
Ansan (industrial)
and Jeju (rural)
2011
Thailand
Chiang Mai
Province
1998

Breast milk

p,p′-DDE, 106; p,p′-DDT,
7.11; ΣDDT, 114 ng/g lipid

Primipara: p,p′-DDE, 32–
1100; p,p′-DDT, < 0.6–44;
ΣDDT, 34–1100
Multipara: p,p′-DDE, 29–
1100; p,p′-DDT, < 0.6–30;
ΣDDT, 33–1100 ng/g lipid
p,p′-DDE, < LOQ–375; p,p′DDT, < LOQ–51.7; ΣDDT,
< LOQ–392 ng/g lipid

Breast milk

ΣDDT, 14 960 ng/g lipid
(geometric mean)

ΣDDT, 3370–46 880 ng/g
lipid

Viet Nam
Hanoi and
Hochiminh
2000–2001

Breast milk

Hanoi: p,p′-DDE, 1900;
p,p′-DDT, 170; ΣDDT,
2100
Hochiminh: p,p′-DDE,
2000; p,p′-DDT, 265;
ΣDDT, 2300 ng/g lipid

Thailand
Chiang Mai City
District
2002
Australia
Melbourne and 12
other regions
Melbourne: 1993;
Melbourne plus
other regions:
2002–2003

Breast milk

p,p′-DDT, 600; p,p′-DDE,
3900; ΣDDT, 4800 ng/g
lipid
(median)
1993: p,p′-DDE, 280; p,p′DDT, 12
2002–3: p,p′-DDE, 279;
p,p′-DDT, 7 ng/g lipid
(median)

Hanoi: p,p′-DDE, 420–
6300; p,p′-DDT, 34–6900;
ΣDDT, 480–6900
Hochiminh: p,p′-DDE, 340–
16 000; p,p′-DDT, 100–1000;
ΣDDT, 440–17 000 ng/g
lipid
p,p′-DDT, 0–5300; p,p′DDE, 700–24 700; ΣDDT,
900–30 100 ng/g lipid

Breast milk

Comments

NR

Reference
Kunisue et al.
(2006)

Lee et al. (2013)

Participants were Hmong hill-tribe mothers
living in an area formerly using DDT for
malaria-vector control and in agriculture
Estimated ΣDDT median daily intake among
primipara infants was 63.2 μg/kg bw per day

Stuetz et al.
(2001)

Minh et al.
(2004)

Zimmermann
et al. (2005)
Mueller et al.
(2008)
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Table 1.5 (continued)

Table 1.5 (continued)
Location,
collection date

Sampling
matrix

Exposure

Comments

Levela

Range

Serbia
South Bačka,
Voyvodina
1983–2009
China
Beijing and
Shenyang
2005–2007

Breast milk

1983: ΣDDT, 3630
2009: ΣDDT, 108 ng/g
lipid

1983: ΣDDT, 440–9730
2009: ΣDDT, 34–189 ng/g
lipid

Breast milk

Beijing: p,p′-DDT, 4.95;
p,p′-DDE, 169; ΣDDT, 183
Shenyang: p,p′-DDT, 4.48;
p,p′-DDE, 117; ΣDDT,
154 ng/g lipid

Turkey
Ankara (suburban
area)
Year NR
Islamic Republic
of Iran
Ahvaz and
Noushahr
November 2007 to
January 2008

Breast milk

DDT, 223 ng/kg lipid

Beijing: p,p′-DDT, 1.21–17;
p,p′-DDE, 30.2–1010;
ΣDDT, 34.7–1050
Shenyang: p,p′-DDT, ND–
14.6; p,p′-DDE, 15.65–763;
ΣDDT, 18.74–833 ng/g lipid
DDT, < LOD–1265.7 ng /g
lipid

Hair

ΣDDT, 23 ng/g

ΣDDT, 0.8–305 ng/g

Reference
Vukavić et al.
(2013)

Significant correlation between human milk
concentration and daily dietary intake of DDTs;
the dietary intake could explain 22% of the
variation of DDTs in human milk

Tao et al.
(2008)

Yalçin et al.
(2014)
Dahmardeh
Behrooz et al.
(2012)

ΣDDT, total DDT corresponding to the sum of o,p′-DDE, p,p′-DDE, o,p′-DDD, p,p′-DDD, o,p′-DDT, and p,p′-DDT; ADI, acceptable daily intake; DDE, dichlorodiphenyldichloroethylene;
DDT, dichlorodiphenyltrichloroethane; dw, dry weight; EPIC, European Prospective Investigation into Cancer and Nutrition; EDI, estimated daily intake; IRS, indoor residual spraying;
LOD, limit of detection; NA, not applicable; ND, not detected; NHL, non-Hodgkin lymphoma; NR, not reported; OCP, organochlorine pesticides; SAR, Special Administrative Region
a Arithmetic mean, unless otherwise stated
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Fig. 1.3 Temporal trends in human biomonitoring data for DDT

(A) Trends in ΣDDT. (B) Trends in the p,p′-DDE to p,p′-DDT ratio. Blue shaded area marks the time period investigated in the integrated
exposure assessment (1995–2008).
Reproduced from Ritter et al. (2011), Environmental Health Perspectives.

The Agricultural Health Study (AHS) of
farmers and licensed pesticide applicators in Iowa
and North Carolina, USA, estimated exposures to
50 pesticides, including DDT. Pesticide exposure
information was ascertained from two phases of
questionnaire administration. In the first phase
(1993–1997), ever/never use of pesticides was
ascertained for all applicators; detailed information on lifetime use of DDT use was obtained for
25 291 applicators from a self-administered questionnaire during phase 1. A follow-up questionnaire ascertained detailed pesticide information
for the 5 years since enrolment in the study. For
participants who did not complete the follow-up
questionnaire, a multiple imputation procedure was used to impute exposure to specific
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pesticides. Information about factors potentially
affecting exposure, such as spraying techniques
and use of personal protective equipment, was
also obtained by questionnaire. A semiquantitative exposure-assessment based on this information was developed in which estimated intensity
was combined with years and annual frequency of
use (Dosemeci et al., 2002). Cumulative exposure
matrices of ever/never use, lifetime days of use,
and intensity-weighted lifetime days of use and
were created (Alavanja et al., 2014). The intensity
score was based on development of an a priori
exposure intensity algorithm. Several validity
evaluations of the exposure assessment process
were carried out. These included: (i) assessment
of the reliability of reporting agricultural factors

DDT
by requiring completion of the enrolment questionnaires twice, approximately 1 year apart;
(ii) confirmatory checks correlating the years
in which a pesticide was reportedly used with
dates of registered use of that particular pesticide; and (iii) comparison of the exposure algorithm with external exposure data. Agreement of
reporting of ever/never use of specific pesticides
and application practices was high, and generally
ranged from 70% to > 90%. Agreement was lower
(typically 50–60%) for duration or frequency
of use of specific pesticides (Blair et al., 2000).
The confirmatory checks on reported usage of
specific pesticides established that the majority
of respondents provided plausible responses
for decade of first use and total duration of use
(Hoppin et al., 2002). The exposure-intensity
algorithm was evaluated in three studies (Coble
et al., 2005; Acquavella et al., 2006; Thomas et al.,
2010). When combined, these studies showed
that the AHS algorithm had the capacity to separate the upper tertiles of exposure intensity from
the lower.
[The Working Group noted that the AHS has
collected detailed information on pesticide use
and practices and through validation studies has
shown this data to be appropriate for estimating
historical exposure to pesticides. However,
the validity studies were based on information
reported at the time the exposure surveys were
completed and would not necessarily reflect the
recall of information for all aspects, in particular
frequency and duration of use. The assessment of
DDT exposure in the AHS is based on the baseline
questionnaire (1993–1997) and relies on historical recall. Although DDT may be a pesticide the
use of which is more readily recalled than others
because of wide recognition and environmental
and health concerns, the validity of recalled information is nonetheless unknown. Moreover, due
to the persistent nature of DDT, it is likely that a
certain proportion of farmer exposure is attributable to non-application circumstances, such
as re-entry and contaminated work and home

environments. Exposures related to non-application days may be collinear with reported lifetime
days of application, but if not the non-application
exposures could contribute to marked measurement misclassification. For example, Bakke et al.
(2009) detected elevated urinary 2,4-D concentrations in corn farmers relative to non-farmers
even on days when the farmers had not applied
2,4-D. These levels, although an order of magnitude lower than those recorded when applying
2,4-D, suggest a contribution of non-application
days to cumulative annual exposure. This consideration is relevant when accounting for the fact
that active applications by most farmers amount
to only a few days during the growing season.
Given the more persistent nature of DDT, it is
reasonable to assume that similar concerns are
in play for this pesticide.]
In the study of Cocco et al. (2005), based on
workers exposed to DDT during antimalarial
operations in Sardinia, Italy, estimated exposure
was based on occupation held at the time of the
antimalarial operations. Relevant occupations
were those involving either direct exposure to
DDT (i.e. applicators) and those involving the
likelihood of bystander exposure (i.e. inspectors, warehouse workers, drivers). Dermal
and inhalation exposure was estimated using
the EUROPOEM model for applicators (van
Hemmen, 2001), while for bystander situations
only dermal exposure was estimated using the
algorithm developed by Krebs et al. (2000).
[The Working Group noted that categorization specifying unexposed, directly exposed and
bystander situations is appropriately based on job
information. However, estimation of quantitative
levels of exposure using the EUROPOEM model,
whose scenarios are based on best practice (daily
cumulative exposure range, 54–140 400 µg),
might have underestimated the exposure to DDT
from work practices as they occurred in 1946–
1950 in the antimalarial campaigns in Sardinia.
The validity of the assumption of no inhalation
exposure for bystanders cannot be determined.]
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(b)

General population

In relevant studies based upon the general
population, DDT exposure was assessed either
by relying on data from questionnaires and/or
biological monitoring.
(i)

Questionnaire-based approaches
The studies relying on questionnaires
collected varying information on jobs held,
agricultural practices, and pesticide use. [The
Working Group noted that these studies have
employed standard accepted techniques in environmental and occupational epidemiology. As in
all studies, self-reported exposure data are prone
to inaccurate or biased recall that can lead to
exposure misclassification. Due to the absence of
confirmatory data on recall and exposure assignment, the validity of these exposure assessments
could not be evaluated.]
(ii)

Biomonitoring approaches
A number of relevant studies have relied
on measurement of p,p′-DDE and/or p,p′-DDT
in serum or plasma or in adipose tissue (see
Table 1.4). The implicit rationale for monitoring
levels of DDT and its metabolites in serum and
adipose is the assumption that those levels would
reflect past exposure and be indicative of differences in total exposures between individuals.
However, this assumption has been questioned
on the basis of long-term p,p′-DDT toxicokinetics and metabolism. Studies involving human
ingestion of DDT have shown that o,p′-DDT is
rapidly metabolized and excreted, and that when
p,p′-DDT is compared with p,p′-DDE, the former
is more rapidly metabolized and excreted, with
the latter being the most persistent compound
of this series (Morgan & Roan, 1974). In addition to chronic ingestion of p,p′-DDE from the
diet and exposures from other environmental
media, inter-individual differences in capacity
to metabolize DDT may further complicate the
interpretation of serum levels of p,p′-DDE. Thus,
p,p′-DDE concentrations in human serum may
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not accurately reflect past exposure to p,p′-DDT,
particularly in samples obtained decades after
direct exposure to DDT (Perry et al., 2005; Wolff
et al., 2005; Cohn et al., 2007). In addition, there
are strong trends in population levels of p,p′-DDT
and p,p′-DDE due to the ban of most uses of
DDT (Fig. 1.3A; Ritter et al., 2011). The ratio of
p,p′-DDE to p,p′-DDT is changing over time,
with ratios around 1 recorded before 1980 and
ratios of around 10 recorded in more recent time
(2000–2010), the exception being populations
living in homes with indoor residual spraying
of DDT for disease-vector control (Ritter et al.,
2011). This indicates that for many populations,
direct exposures to DDT are unlikely and that
current levels are predominantly attributable to
p,p′-DDE in the diet and other environmental
media (Fig. 1.3B).
[The Working Group noted that the ratio of
p,p′-DDE to p,p′-DDT employed in the evaluated key epidemiological studies tended to range
from 6 to 36, with lower ratios being reported
for studies using measurements recorded in
the more distant past, and higher ratios corresponding to more recent times. Studies with a
higher ratio may indicate an earlier exposure
and/or a predominant contribution of p,p′-DDE
through diet and other environmental media.
The Working Group also noted the high levels
of p,p′-DDT and p,p′-DDE in the Persson et al.
(2012) study for which no clear explanation was
evident.]

1.5 Regulation
Regulation of pesticides typically involves
restrictions inherent to registration or licensing
for use and measures to limit exposure in an
occupational and wider community context; the
regulation of DDT is overwhelmingly concerned
with its use being prohibited. Prohibition in
many countries acknowledged, DDT is approved
for use in limited circumstances and is therefore appropriately regulated as a pesticide in

DDT
that context. Moreover, many countries in
which DDT is banned have adopted regulations
concerning residues, and may specify limits in
respect of occupational exposure.

1.5.1 International agreements
The Stockholm Convention on Persistent
Organic Pollutants, signed in 2001, provided
initially for the elimination of 12 chemicals,
one of which was DDT (UNEP, 2002b). The
Convention now addresses 22 chemicals. Within
the convention, DDT is addressed in Annex
B: Restriction, Part II (acceptable purpose –
disease vector control in accordance with WHO
recommendations), which has been published
separately (Bouwman et al., 2013) and which,
among other things, provides for establishment
of a DDT register, and agreement between the
parties to restrict usage of DDT and identify
alternatives, and to report on and evaluate those
circumstances where DDT usage continues to be
approved.
International
instruments
variously
addressing DDT also include the Basel
Convention on the Control of Transboundary
Movements of Hazardous Waste and Their
Disposal, and the Rotterdam Convention on
the Prior Informed Consent Procedure for
Certain Hazardous Chemicals and Pesticides in
International Trade (Matthews et al., 2011).
Vector control is essential to malaria control,
and as such is recognized by WHO, specifically
with reference to 12 insecticides recommended
for indoor residual spraying, including DDT
– the only organochlorine compound in this
context – until suitable alternatives are available
(WHO, 2011a).

1.5.2 Transnational and national regulations
Based on the increasing amount of data on
its toxicity, environmental persistence, bioaccumulation and potential for transboundary
movement, restrictions on the use of DDT were

adopted in different countries from the early
1970s (Bouwman et al., 2013).
Sweden was the first country to ban the use of
DDT, beginning in January 1970 (Turusov et al.,
2002).
In 1972, the EPA issued a cancellation order
for DDT in the USA (EPA, 2015b). Prior to
restrictions being adopted, DDT was variously
registered in the USA, including application
to livestock. The United States Department of
Agriculture (USDA) had previously cancelled
Federal registrations as of 1970 for several speci
fied uses of DDT products, including on food
crops, livestock and wood products (EPA, 1975b).
In the United Kingdom, use of DDT was
severely restricted in 1964, and all use was
prohibited from 1984 (Gillespie et al., 1994). In
the former Soviet Union, the production and use
of DDT in agriculture was officially banned in
1969–1970, but use for public health purposes
(against mosquitoes, malarial plasmodia, fleas,
lice, and ticks) was permitted until 1989 (Turusov
et al., 2002).
From 1983, technical DDT was banned as an
agricultural pesticide in China. As reported in
2005, China had requested specific exemptions
for DDT under the Stockholm Convention (Wong
et al., 2005). A national ban on use of DDT as an
additive to antifouling paint was implemented
in 2009 in China (Lin et al., 2009). By 2014, all
uses of DDT in China were withdrawn (UNEP/
WHO, 2014, 2015).
Granted usage of DDT for vector control
in India, strict regulations to prevent diversion of DDT to agricultural uses are advocated
(Gunasekaran et al., 2005).
As assessed in 2009, many countries that use
DDT have inadequate legislation or lack capacity
to implement or enforce regulations on pesticide
management (Li et al., 2006; van den Berg, 2009;
Aliyeva et al., 2013).
Despite bans on production and use, relevant
national authorities may specify occupational
exposure levels for DDT. In the USA, for example,
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the National Institute of Occupational Safety
and Health (NIOSH) has issued a recommended
exposure level (REL, 0.5 mg/m3 time-weighted
average, TWA) and the American Conference
of Governmental Industrial Hygienists
(ACGIH ) has put in place a threshold limit value
(TLV, 1 mg/m3 TWA for skin) for DDT (CDC,
2015), and such measures remain relevant to
jurisdictions in which DDT continues to be used.
For the European Commission, maximum
residue limits (MRL) for DDT and related
compounds are specified for 378 products,
almost all of which are 0.05 mg/kg, extending as
high as 1 mg/kg for some products, e.g. coffee
beans, spices, meat, and edible offal (European
Commission, 2015).
In several countries regulations exist with
respect to DDT and related substances in
commercial dicofol. In the European Union,
USA, and Canada, the limit for such content
is 0.1% (Ministerie van VROM, 2004). Dicofol
formulations sold in the United Kingdom were
found to conform to this requirement (Gillespie
et al., 1994). The use of dicofol in China has been
banned on tea plant and vegetables. Having been
reported at levels of 10% or more in the past, the
DDT impurity in dicofol is now required by
Chinese regulation to be no more than 0.5% of
technical dicofol (Qiu et al., 2005).

2.

Cancer in Humans

2.1 Cohort studies
Associations between exposure to DDT and
several types of cancer have been extensively
investigated in epidemiological studies. The
pertinent studies reviewed by the Working
Group are summarized here according to study
design and cancer site. Several meta-analyses
were also available to the Working Group. These
are reviewed with the case–control studies for
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the cancers concerned, as most of the included
studies had that design.

2.1.1 Cancer of the breast
See Table 2.1
The relationship between serum concentration of DDE [1,1-dichloro-2,2-bis(p-chlorophenyl) ethylene], a main metabolite of
DDT
[1,1′-(2,2,2-trichloro-ethylidene)bis
(4-chlorobenzene).], and cancer of the breast
has been evaluated in case–control analyses of
10 prospective cohort studies (Wolff et al., 1993;
Krieger et al., 1994; Hunter et al., 1997; Høyer
et al., 1998; Dorgan et al., 1999; Helzlsouer et al.,
1999; Ward et al., 2000; Raaschou-Nielsen et al.,
2005; Cohn et al., 2007; Iwasaki et al., 2008; Cohn
et al., 2015). These studies were performed in the
USA, Denmark, Norway, and Japan. The duration of follow-up ranged from 1 month (Wolff
et al., 1993) to 54 years (Cohn et al., 2015) after
blood collection.
In addition, the relationship between DDT
and breast cancer was evaluated in some of these
studies (Høyer et al., 1998; Dorgan et al., 1999;
Høyer et al., 2000; Ward et al., 2000; Høyer et al.,
2002; Raaschou-Nielsen et al., 2005; Cohn et al.,
2007; Iwasaki et al., 2008; Cohn et al., 2015).
The New York University Women’s Health
Study enrolled a cohort of 14 290 women from
New York City, USA, between 1985 and 1991;
these women donated a 30 mL blood sample
while attending a mammography screening
clinic (Wolff et al., 1993). During this period,
women who were diagnosed with cancer of the
breast 1–6 months after entry into the study were
defined as cases. Controls were selected at random
from all cohort members who were alive and free
of cancer at the time of the cancer diagnosis in
a case patient, matched on age at entry, number
of blood donations, menopausal status, and day
of menstrual cycle at the time of blood collection. Serum DDE and DDT concentrations were
determined in a total of 58 cases and 171 controls.

Table 2.1 Cohort studies of cancer of the breast and exposure to DDT and its metabolites
Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

Wolff et al.
(1993)
New York, USA
Enrolment,
1985–1991
Nested case–
control

Cases: 58 women aged
35–65 yrs with breast
cancer diagnosed 1–6 mo
after entry
Controls: 171 cohort
members alive and free of
cancer at the time of case
diagnosis
Exposure assessment
method: personal
monitoring; GC-ECD

Breast

DDE,
0.5–3.2 ng/mL
3.2–5.2
5.2–7.5
7.5–11.9
11.9–44.3

6

1.00

6
16
8
13

1.67
4.37
2.31
3.68

First-degree relative with
cancer, lifetime lactation,
age at first full-term
pregnancy

Wolff et al.
(2000a)
New York
Enrolment
1985–1991;
follow-up to
1994
Nested case–
control

Cases: 110
Controls: 213
Exposure assessment
method: personal
monitoring; GC-ECD

Breast

DDE: < 664 ng/g
lipid
664–1172

31

1.00

30

0.81
(0.35–1.87)
0.6 (0.26–1.38)
1.3 (0.51–3.35)

From all prospective studies
that have been performed so
far, this is the only one that
included prevalent cases
Strengths: control for
confounders, including
lactation
Limitations: prevalent cases;
only one clinic as a source
of women; no information
on reluctant participants
and losses in follow-up; no
information on whether
DDE measurements were
performed before or after
cancer treatment began; no
information on lipid-adjusted
DDE levels
Stratification by ER status
showed no significant higher
GM of DDE among controls
Strengths: only incident cases
included (see Wolff et al.,
1993)
Limitations: only women
with 3 blood samples were
included; short follow-up

1173–1934
24
> 1934
25
Trend-test P value: 0.99

Age at menarche,
number of full-term
pregnancies, age at first
full-term pregnancy,
family history of breast
cancer, lifetime history of
lactation, height), BMI,
BMI-menopausal status
interaction

DDT
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Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

Krieger et al.
(1994)
California,
USA
Enrolment
1964–1971;
follow-up until
1990
Nested case–
control study

Cases: race-stratified
random sample of 150
cases from the cohort
Controls: 150 women free
of cancer up to the time
of matched case patient’s
diagnosis, matched by
race, date of joining the
programme, year, and
age at examination and
length of follow up
Exposure assessment
method: personal
monitoring; GC-ECD
Cases: 236 incident cases
with no previous cancer
Controls: 236, matched
by year of birth,
menopausal status,
month, time of day
and fasting status
at blood sampling
and postmenopausal
hormone use
Exposure assessment
method:
personal monitoring;
GC-ECD; plasma levels
of DDE measured
after adjustment for
plasma cholesterol
concentrations

Breast

5.33–29.68 DDE
ng/mL
29.69–49.60

NR

1.00

NR

49.61–149.50

NR

1.29
(0.67–2.47)
1.33
(0.68–2.62)

BMI, age at menarche,
ever vs never pregnant,
menopausal status at
time of case patient´s
diagnosis of breast cancer
plus variables matched by
design

Strengths: serum samples
taken up to 26 yrs before
diagnosis before DDT
prohibition in USA
Limitations: small sample size
by race

History of breast cancer
in a mother or sister,
history of benign breast
disease, age at menarche,
number of children and
age at birth of first child,
duration of lactation, BMI,
plus variables matched by
design

Strengths: well-designed
study; control of key
confounders; low attrition
rate (5%)
Limitations: DDE levels were
measured 2–3 yrs before the
end of follow-up

Hunter et al.
(1997)
11 USA states
Enrolment
1976, follow-up
June 1992
Nested case–
control study

Trend-test P value: 0.431

Breast

DDE, ppb
≤ 2.78
> 2.78–4.54

61
54

> 4.54–6.26
> 6.26–9.46

35
43

> 9.46
43
Trend-test P value: 0.47

1.00
0.80
(0.45–1.43)
0.47 (0.25–0.9)
0.74
(0.40–1.36)
0.72 (0.37–1.4)
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Table 2.1 (continued)
Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Laden et al.
(2001a)
11 USA states
Enrolment
1976, follow-up
to 1994
Nested case–
control study

Cases: 372; as in Hunter
et al. (1997) plus 143
cases of invasive
postmenopausal cancer
diagnosed 1992–1994
Controls: 372 cancer-free
women matched on year
of birth, menopausal
status, date and fasting
status at blood collection
and post-menopausal
hormone use
Exposure assessment
method:
personal monitoring;
GC-ECD
Cases: 105 histologically
confirmed breast cancer
cases up to 1989
Controls: 208; alive and
free of cancer at the age
of the case’s diagnosis,
matched on age, date of
blood draw, history of
benign breast disease and
number of blood draws
Exposure assessment
method: personal
monitoring; GC-ECD;
serum cholesterol
and triglycerides were
measured

Breast

DDE, µg/g lipid
0.007–0.427
0.428–0.703

88
85

0.708–0.955

48

0.955–1.441

83

1.466–6.054

68

Dorgan et al.
(1999)
Columbia,
Missouri
Blood donation
1977 and 1987;
follow-up to
1989
Nested case–
control study

Breast

Exposed Risk estimate
cases/
(95% CI)
deaths

DDE, ng/g lipid
31–1377
33
1378–2355
32
2356–3500
14
3501–20 667
26
DDT, ng/g lipid
0–180
29
181–292
29
293–467
33
468–1724
14
Trend-test P value: 0.65

1.00
0.95
(0.59–1.53)
0.51
(0.31–0.86)
0.91
(0.57–1.47)
0.82
(0.49–1.37)

1.0
0.9 (0.5–1.7)
0.4 (0.2–0.8)
0.8 (0.4–1.5)
1.0
1.0 (0.5–2.0)
1.1 (0.6–2.1)
0.4 (0.2–1.0)

Covariates

Comments

History of breast cancer
in mother or a sister, a
history of benign breast
disease, age at menarche,
BMI at blood draw,
number of children and
age at birth of first child,
and duration of lactation

Strengths: 98% completeness
of follow-up
Limitations: mostly
premenopausal women

Height, weight, BMI,
parity, age at menarche,
menopausal status,
exogenous estrogen use,
history of breast cancer
among first-degree
relatives, education,
and number of packs of
cigarettes smoked per day

Strengths: up to 9.5 yrs of
follow-up
Limitations: study population
were volunteers; relatively
small sample size; no
adjustment for lactation

DDT
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Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

Helzlsouer
et al. (1999)
Washington
County,
Maryland, USA
Two cohorts
enrolled in
1974 and 1989;
follow up until
1994
Nested case–
control study

Cases: cohort 1: 235;
cohort 2: 105; county
cancer registry
Controls: cohort 1: 235;
cohort 2: 105; women
within the cohorts not
diagnosed with cancer,
matched by sex, race, age,
menopausal status, date
of blood donation
Exposure assessment
method: personal
monitoring; serum DDE
by GC-ECD

Breast

DDE ng/g (1974):
< 1017.19
1017.20–1425.39

49
61

1425.40–1864.57

47

1864.58–2446.69

42

History of breast cancer,
BMI at age 20 yrs or
current age at menarche,
age at first birth, duration
of lactation plus matching
variables

Strengths: serum collected
up to 20 yrs before
diagnosis; adjustment by key
confounders
Limitations: sample size
limited for subgroup analyses

2446.70–
36
10 795.91
DDE ng/g (1989):
< 816.3
38
816.4–1595.1
44
1595.2–10 065.6

23

1.00
1.24
(0.72–2.13)
0.96
(0.55–1.67)
0.86
(0.49–1.51)
0.73
(0.40–1.32)
1.00
1.18
(0.65–2.13)
0.58
(0.29–1.17)
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Table 2.1 (continued)
Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Cohn et al.
(2007)
Oakland,
California,
USA
Enrolment
between 1959–
1967; follow-up
to 1998
Nested case–
control study

Cases: 129 from state
cancer registry and vital
records
Controls: 129; matched to
cases on birth year
Exposure assessment
method: personal
monitoring; no lipid
adjustment

Breast

Cohn et al.
(2015)
Oakland,
California,
USA
1959–1967
Nested case–
control study

Cases: 103 from state
cancer registry & vital
records
Controls: 315; cohort
Exposure assessment
method: personal
monitoring

p,p′-DDE, µg/L
≤ 35.23
NR
1.0
35.23–58.49
NR
1.5 (0.8–2.6)
> 58.49
NR
1.1 (0.6–2.0)
p,p′-DDT, µg/L
≤ 8.09
NR
1.0
8.09–13.90
NR
1.4 (0.7–2.7)
> 13.90
NR
1.6 (0.8–3.0)
Age < 14 yrs in 1945
p,p′-DDE, μg/L
≤ 35.23
NR
1.0
> 35.23–58.49
NR
1.5 (0.6–3.4)
> 58.49
NR
0.9 (0.3–3.0)
p,p′-DDT, μg/L
< 8.09
NR
1.0
8.09–13.90
NR
2.5 (1.0–6.3)
> 13.90
NR
5.2 (1.4–19.1)
Concentration in mother’s serum
Q1 DDE
NR
1.0
Q2
NR
1.3
Q3
NR
1.1
Q4
NR
1.3
Q1 DDT
NR
1.0
Q2
NR
1.9
Q3
NR
1.5
Q4
NR
2.2
Trend-test P value: 0.074

Breast

Breast

Breast

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

None

Strengths: exposure
measurements from stored
serum samples reflecting early
life exposures; long follow-up
Limitations: small sample
size (main results are based
on 94 case–control pairs);
no discussion of the effect
of adjustment by correlated
metabolites; no information
on risk factors between the
time of the pregnancy and
development of breast cancer

None

p,p´DDT, p,p´DDE and
o,p´DDT, and women aged
< 14 yrs in 1945

Maternal cholesterol and
triglycerides, maternal
overweight in early
pregnancy and maternal
history of breast cancer

See Cohn et al. (2007) for
details
Strengths: long follow-up;
DDT was measured during
mothers’pregnancy
Limitations: breast cancer risk
factors in daughters were not
considered

DDT
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Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

Høyer et al.
(2000)
Copenhagen,
Denmark
First enrolment
1976–1978;
follow-up until
December 1992
Nested case–
control study

Cases: 143 from Danish
cancer registry
Controls: 274 agematched controls from
the cohort
Exposure assessment
method: personal
monitoring; GC-ECD;
total lipid content was
calculated

Breast

I DDE ng/g
II
III
IV
I DDT ng/g
II
III
IV

NR
NR
NR
NR
NR
NR
NR
NR

1.0
1.0 (0.5–2.0)
0.8 (0.4–1.6)
1.4 (0.7–2.8)
1.0
1.3 (0.4–4.5)
2.1 (0.6–7.0)
3.6 (1.1–12.2)

Weight changes

Parity, weight and HRT
reported to be confounders
but were not included in the
final model
Strengths: up to 8 yrs
of follow-up; average
concentration of two DDE
measurements with a 5- yr
interval was used
Limitations: possibly
inadequate control for
breast-cancer risk factors;
limited power, particularly for
subgroups

RaaschouNielsen et al.
(2005)
Denmark
Enrolment
1993–1997;
follow-up to
2000
Nested case–
control study

Cases: 409 from Danish
Breast
cancer registry
Controls: 409, cancer-free
at age of case diagnosis
matched by age, HRT &
postmenopausal status
Exposure assessment
method: personal
monitoring; gluteal
adipose tissue; analysis
by GC-MS

DDE, μg/kg
lipids
15–282
283–507
508–903
904–6693
DDT, μg/kg
lipids
6–14
14–20
20–31
31–159

100
100
100
100

1.0
1.0 (0.7–1.5)
0.9 (0.6–1.4)
0.7 (0.5–1.2)

Education, BMI, alcohol,
number of childbirths, age
at first delivery, lactation,
HRT, history of benign
breast disease

Strengths: largest prospective
study with in adipose tissue
measurements; ER status was
determined
Limitations: only
postmenopausal women

100
100
100
100

1.0
0.8 (0.5–1.3)
1.4 (0.9–2.3)
0.6 (0.3–1.0)
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Table 2.1 (continued)
Reference,
location
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ
site

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates

Comments

Ward et al.
(2000)
Norway
Enrolment
1991; follow-up
to 1993
Nested case–
control study

Cases: 150; random
sample of eligible cases
in the Norwegian cancer
registry
Controls: 150; alive
and cancer-free at case
diagnosis, matched by
date of sample collection
and date of birth
Exposure assessment
method: personal
monitoring; highresolution GC/highresolution isotope
dilution MS
Cases: 139 from cancer
registries, death
certificates, hospitals
Controls: 278 cohort
members matched by age,
public health centre area,
area, date and time of
blood collection, time of
day of blood collection,
and menopausal status
Exposure assessment
method:
personal monitoring; GC
isotope-dilution MS

Breast

Q1 DDE ng/g
lipid
Q2
Q3
Q4
Q1 DDT ng/g
lipid
Q2
Q3
Q4

NR

1.0

None specified

NR
NR
NR
NR

0.7
1.0
1.2
1.0

Strengths: lipid-adjusted DDE
values; ER status assessed
Limitations: no BMI
nor menopausal status
information available; limited
power; CIs not reported

NR
NR
NR

0.2
0.5
0.3

DDE, ng/mL
2.50
4.83
7.58

25
32
36

14.41

46

1.0
1.01 (0.47–2.19)
1.24
(0.60–2.53)
1.48
(0.70–3.13)

Age at menarche,
menopausal status at
baseline, number of births,
age at first birth, height
(continuous), BMI, alcohol
consumption

Strengths: up to 10 yrs
of follow-up; control for
confounders
Limitations: no information
on lactation; limited power;
no lipid adjustment

DDT, ng/mL
0.50
0.89

40
29

1.36

25

2.24

45

Iwasaki et al.
(2008)
Japan
Enrolment
1990–1993,
follow-up to
2002
Nested case–
control study

Breast

Trend-test P value: 0.25

1.00
0.65
(0.32–1.32)
0.56
(0.26–1.22)
0.99
(0.47–2.08)

DDT
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BMI, body mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; ER, estrogen receptor; GC-ECD, gas chromatography
with electron capture detector; GC-MS, gas chromatography with mass spectrometry; GM, geometric mean; HRT, hormone replacement therapy; yr, year
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Mean concentrations of DDE were statistically
higher for cases of breast cancer than for control
subjects (DDE in cases, 11.0 ± 9.1 ng/mL; DDE in
controls, 7.7 ± 6.8 ng/mL; P = 0.031). After adjustment for first-degree family history of breast
cancer, lifetime lactation, and age at first fullterm pregnancy, the relative risk (RR) of cancer
of the breast was found to increase by fourfold for
an elevation in serum DDE concentrations from
2.0 ng/mL (10th percentile) to 19.1 ng/mL (90th
percentile). [A major limitation of this study was
the inclusion of prevalent cases. DDE measurements were not adjusted for lipids.]
In the same cohort, with an extended
follow-up to 1994, only incident cases were
considered. Cases with at least three annual
blood samples were included and serum DDE
concentrations were adjusted for lipids; 110 cases
and 123 controls were included in the analysis
(Wolff et al., 2000a). Geometric mean DDE
concentration was 6.95 ng/mL among cases and
7.27 ng/mL among controls. The results did not
confirm a significant increased risk of breast
cancer in relation to DDE (odds ratio, OR, Q4
versus Q1, 1.30; 95% confidence interval, CI,
0.31–3.35). The authors also assessed whether
changes of DDE over time were related to risk
of cancer of the breast. The median half-life of
DDE was estimated from the consecutive measurements to be 13 years among cases and 15 years
among controls [reported to be non-significant,
data not shown] and the risk of breast cancer was
reported not to be associated with DDE half-life
(data not shown). [A limitation of this study was
that only women with three or more annual blood
samples were included, and no key information
about non-included women from the original
cohort was provided. In addition, the follow-up
was relatively short and the analysis thus had
limited precision.]
Krieger et al. (1994) performed a nested
case–control study among women in northern
California, USA, who were members of the
Kaiser Permanente Medical Care Program and
84

who underwent a health examination, including
giving a sample of blood between 1964 and
1969 and were followed up until 1990. Among
the 2097 patients identified with cancer of the
breast, 150 cases were randomly selected (50
white, 50 black, and 50 Asian) and matched
to 150 controls by race, age, date of entry, and
date of follow-up. Mean serum DDE concentration was 43.3 ± 25.9 ng/mL among cases,
and 43.1 ± 23.7 ng/mL among controls. After
adjustment for reproductive factors, menopausal
status, and body mass index (BMI), no significant association was seen between risk of cancer
of the breast and serum DDE concentrations for
all subjects (OR, 1.33; 95% CI, 0.68–2.62; for the
third versus first tertile of concentration), nor
in ethnic subgroups: whites (OR, 2.38; 95% CI,
0.54–10.64); blacks (OR, 3.85; 95% CI, 0.93–16.05);
or Asians (OR, 0.71; 95% CI, 0.23–2.18). [This
was a well-designed study with a long follow-up
period. Relevant confounders were adjusted.
However, only 150 of more than 2000 available
cases were selected for measurement of DDE and
thus power was limited, especially for subgroup
analyses.]
The Nurses’ Health Study was established
in 1976 and included more than 120 000 registered nurses in 11 states of the USA; participants
were followed by questionnaire every 2 years and
32 826 provided a blood sample between 1989 and
1990. Findings on the association between cancer
of the breast and plasma DDE concentrations
were reported from follow-ups to 1992 (Hunter
et al., 1997) and 1994 (Laden et al., 2001a). In
the first follow-up, a total of 236 cases diagnosed
within 3 years of blood collection were included.
The same number of controls was selected from
the cohort and matched by year of birth, menopausal status, month in which blood samples was
returned, time of day blood sample was drawn,
fasting status at blood sampling and hormone use
among postmenopausal women. After adjusting
for reproductive variables, BMI, and familial
history of breast cancer and/or benign breast

DDT
disease, the risk of cancer of the breast tended to
be lower and not statistically significant, among
women with higher serum concentrations of DDE
(Hunter et al., 1997). An extended follow-up to
1994 included 372 case–control pairs. Medians
DDE concentrations were 768 ng/g lipid among
cases, and 817 ng/g lipid among controls. The
relative risks of breast cancer were below unity,
but not statistically significant, among all groups
of women compared with those with lowest levels
of DDE (Laden et al., 2001a). [This was a well-designed study with good control for most relevant
confounders, including reproductive factors and
family history of breast cancer, and larger sample
size compared with previous studies. Blood
samples were taken after the start of follow-up,
but 2–3 years before diagnosis for cases.]
Serum samples were obtained in 1976 from
a cohort of 7712 women aged ≥ 20 years who
participated in the Copenhagen City Heart
Study and provided information and a blood
sample (Høyer et al., 1998). Case ascertainment
was achieved by linkage to the Danish cancer
registry up to 1993. For each case, two women
who were free of breast cancer and alive at the
time of diagnosis and matched for age and date
of examination were selected from the rest of
the cohort; 240 cases with a valid serum sample
and 447 age-matched controls were included in
the analysis. Several potential confounders were
tested, including reproductive variables, alcohol
consumption, and physical activity, but only
full-term pregnancies and weight were retained
in final models, which showed no association
between quartiles of DDE or DDT and breast
cancer.
Participants in the same cohort study were
invited for a second examination 5 years after
recruitment; 155 cases and 274 controls from
the previous study who had two serum sample
available were included in a further study (Høyer
et al., 2000). No significant association was found
between breast cancer and the average concentration of p,p′-DDE in the two time periods; however,

a 3.6-fold (95% CI, 1.1–12.2) risk of breast cancer
was observed among women in the upper quartile of average p,p′-DDT serum concentration,
with a significant trend. Elevated but non-significant odds ratios were observed for total DDT
(OR, 2.4; 95% CI, 0.7–7.8 in the upper quartile).
[Parity, weight, and use of hormone replacement
therapy use were identified as confounders by the
authors, but these were not included in the final
model: it is possible that control for confounding
was inadequate.]
Within the same cohort, a total of 161 cases
with ER status information and 318 matched
controls who were free of breast cancer were
included in an analysis according to ER status
(Høyer et al., 2001). ER status did not modify the
association with breast cancer.
Finally, paraffin-embedded tumour-tissue
specimens were retrieved for 162 cases and 316
controls from the same cohort and analysed for
p53 (TP53) tumour-suppressor gene mutation
status (Høyer et al., 2002). No measure of DDT or
DDE was associated with breast cancer, regardless of the presence of p53 mutation. [Several
analyses were carried out using data from this
Danish study, but power was limited, particularly for subgroups.]
In another study in the USA, 7224 female
volunteers donated blood to the Columbia,
Missouri Breast Cancer Serum Bank between
1977 and 1987; active follow-up continued until
1989 (Dorgan et al., 1999). Among these women,
105 were diagnosed with histologically confirmed
cancer of the breast, and two controls for each
were selected, matched to each case on age, date
of blood sampling, and history of benign breast
disease at the time of enrolment. No association
was found between risk of cancer of the breast
and lipid-corrected concentrations of DDT or
DDE. [This study had limited precision due to
relatively small sample size. There was no adjustment for lactation history.]
Residents of Maryland, USA, who had participated in one of two studies conducted in 1974
85
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and 1989 to obtain blood samples for a serum
bank (the CLUE I and CLUE II studies) were
invited to participate in a case–control study
(Helzlsouer et al., 1999). Participants were
followed up until 1994 by linkage with the county
cancer registry. Of the 346 cases of cancer of the
breast diagnosed, valid measurements of DDE
were available for 340 cases, which were matched
to 340 participating women without cancer of
the breast by age, menopausal status, date of
blood collection, and study. Taking into account
relevant confounders, no association was found
between breast cancer and DDE, including after
stratifying for menopausal status, estrogen-receptor (ER) status, or polymorphism in GSTM1,
GSTT1, GSTP1, COMT, or CYP17. [Although the
sample size was adequate for the main analysis,
it was limited for subgroup analyses.]
The JANUS Serum Bank contains serum
samples collected between 1973 and 1991 from
almost 300 000 individuals undergoing routine
health examinations in Norway. Cases of cancer
of the breast were identified among 25 431 women
who worked outside the home or lived on farms
and were followed until 1993 through linkage
with the Norwegian cancer registry (Ward et al.,
2000). From the 272 cases diagnosed during this
period, 150 women with a blood sample taken
2 or more years before diagnosis were randomly
selected; an equal number of controls were
matched to cases by date of sample collection and
date of birth. Mean lipid-adjusted serum DDE
concentrations were 1230 ng/g lipid among cases
and 1260 ng/g lipid among controls. No association between DDE or DDT concentration and
breast cancer was found. [This study was well
designed, but had limited precision and did not
consider confounding by BMI and menopausal
status.]
Between 1993 and 1997, 29 875 Danish women
aged 50 to 64 years were enrolled in a prospective study of diet and cancer and followed until
December 2000 through linkage with Danish
cancer registry (Raaschou-Nielsen et al., 2005).
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During this period, 409 women were diagnosed
with postmenopausal cancer of the breast;
each was matched to one randomly selected
control-matched by age, postmenopausal status,
and use of hormone replacement therapy, and
p,p′-DDE and p,p′-DDT were measured in
adipose tissue biopsies. Median DDE concentrations were 476.7 µg/kg lipids among cases and
507.1 µg/kg among controls. No association was
found between concentrations of DDE or DDT
and risk of cancer of the breast in the whole data
set; however, a statistically significant inverse
association with DDE was observed when the
analysis was restricted to ER-negative (ER–) cases
(OR, 0.1; 95% CI, 0.0–0.5 in the highest exposure
group). [This was the largest nested case–control
study with measurements in adipose tissue
rather than serum. The inverse association of
DDE among women with ER– tumours does not
have a clear interpretation.]
The association of incident breast cancer
with young adults’ exposure to DDT before
it was banned was investigated in a nested
case–control study of California residents who
provided serum samples for the Child Health
and Development Studies between 1959 and
1967 (Cohn et al., 2007). These women would
have been mostly aged < 20 years when DDT use
peaked. Cases were 129 women who developed
cancer of the breast before age 50 years, identified
by linkage to the California cancer registry and
California vital status records. An equal number
of controls from the cohort were matched to
cases on birth year. The median time from blood
draw to diagnosis was 17 years, and mean age
of cases at diagnosis was 44 years. No associations were reported between serum DDE or
DDT concentrations and breast cancer in unadjusted analyses. Significant positive associations
were found with p,p′-DDT after adjustment for
o,p′-DDT and p,p′-DDE. These associations were
strongest in the subset of women aged < 14 years
in 1945. [This study was notable for providing
data on early-life exposure to DDT during a time

DDT
when exposures were likely to have been higher.
However, although breast-cancer risk factors
including race, blood lipids, BMI, reproductive history, and breast feeding were evaluated,
most models did not adjust for these factors. In
addition, the Working Group considered that
adjustment for multiple DDT congeners could
introduce bias due to correlations among related
metabolites, thus the non-adjusted results were
taken to be more valid.]
In a further study based on this cohort, the
incidence of cancer of the breast in 9300 daughters of women who provided blood samples in
the original study was examined in relation to
the mothers’ prenatal exposure to DDT (Cohn
et al., 2015). The methods of case and control
selection were similar to those used in the
parent study (Cohn et al., 2007). Daughters of
the original participants were followed until
2012; 103 cases diagnosed before age 52 years
and 315 controls provided serum samples
and were included. Median p,p′-DDT concentrations were 13.18 ng/mL among cases and
12.98 ng/mL among controls. Mothers’ perinatal
serum concentration of o,p′-DDT was significantly associated with risk of breast cancer in
the daughters in models adjusted for maternal
lipids, overweight, and history of breast cancer
(OR for Q4 versus Q1, 2.8; P = 0.007; P for trend,
0.053). Weaker positive and non-significant positive associations were observed for p,p′-DDT and
DDE. [A major limitation of this study was that
risk factors for breast cancer in daughters were
not taken into account. As in the parent study,
the Working Group gave less weight to models
adjusted for multiple DDT metabolites.]
A total of 24 226 women aged 40–69 years
in the Japan Public Health Center-based
Prospective Study who responded to the baseline
questionnaire and provided blood in 1990–1995
were followed until December 2002; 144 incident
cases of breast cancer were identified (Iwasaki
et al., 2008). Two matched controls for each case
were selected from the cohort, and plasma DDT

and DDE concentrations were measured for
cases and controls. Median DDE concentrations
were 7.04 ng/mL among cases versus 6.08 ng/mL
among controls). After adjusting for reproductive variables, BMI, and alcohol consumption,
the relative risk in the highest compared with
the lowest quartile of p,p′-DDE was 1.48 (95%
CI, 0.7–3.1) and for p,p′-DDT it was 0.99 (95%
CI, 0.47–2.08). [This study was well-designed
and considered most relevant confounders for
cancer, but had limited power.]

2.1.2 Non-Hodgkin lymphoma
See Table 2.2
In all the cohort studies described below, a
nested case–control analysis was used to investigate the relationship between non-Hodgkin
lymphoma (NHL) and exposure to DDT.
Seventy-four cases of NHL (ICD-8 200 or 202)
identified during follow-up from 1975 to 1994 of
the CLUE I cohort from Washington County,
Maryland, USA and 147 controls matched by race,
sex, age and study-related factors were included
in a nested case–control study (Rothman
et al., 1997). Serum samples were collected
before diagnosis. Four DDT-related compounds
were measured and used to estimate total DDT
concentration corrected for total lipids. Median
concentrations of total lipid corrected DDT were
3150 ng/g lipid in cases and 2770 ng/g lipid in
controls. There was no association between risk
of NHL and quartiles of total DDT concentration (OR, 1.2; 95% CI, 0.5–3.0 for the fourth
quartile compared with the first quartile) with
adjustment, in addition to matching variables,
for education, cigarette smoking, occupational
exposure to suspected risk factors for NHL, and
serum polychlorinated biphenyls (PCBs). [This
study had the advantage that serum was collected
at baseline before diagnosis.]
A later study using the same data set reported
an analysis of the effect of p,pʹ-DDE on the risk
of NHL found a slight increase in risk with the
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Reference,
location,
enrolment/
follow-up
period, studydesign

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Rothman et al.
(1997)
Washington
County,
Maryland, USA
1975–94
Nested case–
control study

Cases: 74 from county
cancer registry
Controls: 147 matched
on race, sex, birthdate &
study variables
Exposure assessment
method: personal
monitoring; lipidadjusted serum
concentrations
Cases: 74; as in Rothman
et al. (1997)
Controls: 147
Exposure assessment
method: personal
monitoring; lipidadjusted adjusted serum
concentration

NHL (200,
202)

ng/g lipid
180–1740
14
1760–2660
16
2690–4020
19
4140–20 500
25
Trend-test P value: 0.87

NHL (200,
202)

p,pʹ-DDE, median, ng/g lipid
912.2
17
1616.2
17
2443.8
14
4475.0
26
Early followup, 0–12 yrs
912.2
7
1616.2
11
2443.8
7
4475.0
15
Late follow-up:
13–19 yrs:
912.2
10
1616.2
6
2443.8
7
4475.0
11

Engel et al.
(2007)
USA
1975–94
Nested case–
control study

Exposed
Risk estimate
cases/ deaths (95% CI)

Covariates

Comments

PCBs

Strengths: large study;
serum collected at
baseline before diagnosis
Limitations: no data on
diet so could not evaluate
influence of DDT from
foods; limited precision

Age, race, state, sex,
educational level,
smoking

See Rothman et al. (1997)
for details

1.0
1.1 (0.4–2.7)
1.1 (0.4–2.7)
1.2 (0.5–3.0)

1.0
0.9 (0.4–2.2)
0.8 (0.3–2.0)
1.5 (0.7–3.2)

1.0
1.6 (0.5–5.3)
0.8 (0.2–2.8)
2.1 (0.7–6.3)

1.0
0.4 (0.1–1.6)
0.9 (0.2–3.6)
1.1 (0.3–3.4)
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Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period, studydesign

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Engel et al.
(2007)
USA
Enrolment
1989–90, followup to 1994
Nested case–
control study
Laden et al.
(2010)
USA
Enrolment
1989–1990;
follow-up NR
Nested case–
control study

Cases: 30; see Hunter
et al. (1997)
Controls: 78
Exposure assessment
method: personal
monitoring; serum
concentrations adjusted
for total lipids
Cases: 145; as in Hunter
et al. (1997)
Controls: 290
Exposure assessment
method: personal
monitoring; serum
concentrations adjusted
for total lipids

NHL

p,pʹ-DDE, median, ng/g lipid
358.0
8
881.4
9
1788.9
13

NHL

Exposed
Risk estimate
cases/ deaths (95% CI)

p,pʹ-DDE, median, ng/g lipid
343.6
30
779.6
43
1327.0

27

2325.2

45

Trend-test P value: 0.33

Covariates

Comments

Age

Strengths: large study
sample
Limitations: blood
samples taken after
start of follow-up; short
follow-up period

Smoking status, region

Strengths: large study
Limitations: inconsistent
results at different followup periods

1.0
1.2 (0.4–3.7)
2 (0.7–6.1)

1.00
1.41
(0.76–2.60)
0.77
(0.39–1.52)
1.56
(0.82–2.97)

DDT
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Reference,
location,
enrolment/
follow-up
period, studydesign

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Engel et al.
(2007)
Norway
Enrolment
1972–1978;
follow-up to
1999
Nested case–
control study

Cases: 190 from
Norwegian cancer
registry
Controls: 190
Exposure assessment
method: personal
monitoring; exposure
corrected for total lipids

NHL
(200 202)

p,pʹ-DDE, median, ng/g lipid
2059.1
39
3247.2
50
4673.2
52
7513.0
49
Early followup, 2–16 yrs:
2059.1
17
3247.2
31
4673.2
28
7513.0
26
Late follow-up,
17–25 yrs:
2059.1
22
3247.2
19
4673.2
24
7513.0
23
ng/g lipid
43–1045
37
> 1045–1741
37
> 1741–2523
52
> 2523–3595
29

Bertrand et al.
(2010)
USA
1982–2003
Nested case–
control study

Cases: 205; annual
questionnaires,
confirmed from medical
records
Controls: 409; cohort;
matched on race, age,
fasting status
Exposure assessment
method: personal
monitoring; lipidadjusted serum
concentrations

NHL

> 3595–1897

Exposed
Risk estimate
cases/ deaths (95% CI)

50

Trend-test P value: 0.7

1.0
1.4 (0.7–2.6)
1.4 (0.7–2.6)
1.4 (0.7–2.9)

Covariates

Comments

Sex, age, smoking
status, county

Strengths: clear
diagnosis, long follow-up
Limitations:

Alcohol consumption,
weight, smoking

Strengths: diagnoses
confirmed using medical
records; prospective
measurement of serum
Limitations: may
be unmeasured
confounding from
dietary factors

1.0
3.1 (1.1–8.6)
2.4 (0.9–6.4)
4.3 (1.2–15)

1.0
0.8 (0.3–2.0)
1.3 (0.5–3.2)
0.8 (0.3–2.0)
1.00
0.97 (0.55–1.7)
1.4 (0.78–2.50)
0.71
(0.39–1.30)
1.30
(0.74–2.30)
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Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period, studydesign

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Exposed
Risk estimate
cases/ deaths (95% CI)

Bräuner et al.
(2012)
Denmark
Enrolment
1993–1997;
follow-up to
2008
Nested case–
control study

Cases: 239 from Danish
cancer registry
Controls: 245; random
sample of the entire
cohort
Exposure assessment
method: personal
monitoring;
concentrations in
adipose tissue (see
Raaschou-Nielsen et al.,
2005)

NHL

p,pʹ-DDT, μg/kg lipids
6–15
29
15–22
32
22–36
35
36–49

23

49–460

18

68–390
390–680

59
53

p,pʹ-DDE, μg/
kg lipids
680–1100
1100–1700

63
34

1700–8000

29

1.00
1.06 (0.52–2.14)
1.03
(0.51–2.09)
1.21
(0.53–2.75)
1.64
(0.68–3.96)
1.00
0.83
(0.49–1.39)

Covariates

Comments

Age, sex

Case–cohort analysis
Strengths: adipose tissue
used rather than blood
(preferred indicator
because it represents
cumulative exposure)
Limitations: did not
adjust for co-exposure to
other pesticides or PCBs;
large number of samples
were below the LOD

1.04 (0.62–1.73)
0.79
(0.43–1.46)
1.10 (0.57–2.14)

CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; LOD, limit of detection; NHL, non-Hodgkin lymphoma; PCBs,
polychlorinated biphenyls

DDT
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concentration of p,pʹ-DDE (OR, 1.5; 95% CI,
0.7–3.2, adjusting for years of education, current
smoking status), which was stronger in the earlier
period of 0–12 years of follow-up (Engel et al.,
2007). Neither analysis showed clear exposure–
response trends.
An analysis of the association between NHL
and serum p,pʹ-DDE concentrations in the previously described United States Nurses’ Health
Study (see Hunter et al., 1997) was also reported
in the same paper by Engel et al. (2007). Thirty
participants with incident NHL diagnosed
between the date of blood collection and May
1994 (median follow-up, 1 year) were included as
cases and 78 cohort members selected previously
as controls for another study served as controls.
A non-significant increased risk of NHL was
found for increasing quartile of p,pʹ-DDE, with
the odds ratio for the highest quartile being 2.0
(95% CI, 0.7–6.1).
After an extended follow-up of the Nurses’
Health Study cohort [follow-up interval not
specified] 145 cases of NHL were identified and
two controls matched on age, race, month of
blood draw, and fasting status were selected for
each case (Laden et al., 2010). Median concentrations of p,pʹ-DDE were 996.2 ng/g lipid in cases
and 1002.3 ng/g lipid in controls. No consistent
pattern of association was observed for quartiles
of total serum concentrations of p,pʹ-DDE after
adjustment for potential confounders, including
smoking and reproductive history. For all NHL
combined, the odds ratio for the fourth versus
the first quartile was 1.56 (95% CI, 0.82–2.97).
In the JANUS cohort described previously (see
Ward et al., 2000), lipid-corrected concentrations
of p,pʹ-DDE were available for 190 confirmed
cases of NHL ascertained with follow-up to 1999
(Engel et al., 2007). An equal number of controls
from the cohort were matched by age, sex, county,
and date of examination. In the analysis, further
adjustments were made for BMI and smoking
status. The odds ratios for the association of NHL
with p,pʹ-DDE was the same (1.4) for all quartiles
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above the first. For the early period of follow-up,
2–16 years, an increase in risk was reported for
the second exposure quartile (OR, 3.1; 95% CI,
1.1–8.6) and for the fourth exposure quartile
(OR, 4.3; 95% CI, 1.2–15.0) compared with the
lowest quartile, with a significant upward trend
across quartiles. However, no excess or trend was
found for the later follow-up period, 17–25 years.
The Physicians’ Health Study began in 1982
in the USA as a randomized trial for the primary
prevention of cardiovascular disease and cancer
in 22 071 male physicians aged 40–84 years at
enrolment. A total of 14 916 participants provided
a blood sample in 1982–84 (before randomization) and were followed until 2003 using
annual questionnaires confirmed by review of
medical records to identify newly diagnosed
NHL (Bertrand et al., 2010). After exclusions,
205 cases with available blood samples were
included. For each case, two controls matched
on baseline by race, age, date of blood collection,
and fasting status at blood draw were selected
from the cohort. Lipid-corrected concentrations
of p,pʹ-DDE in serum were determined for cases
and controls. There was no significant association
of NHL with p,pʹ-DDE, with the odds ratio in the
highest quintile being 1.3 (95% CI, 0.74–2.3) in a
multivariable adjusted analysis.
In a further study based on the Danish Diet,
Cancer and Health study described previously
(see Raaschou-Nielsen et al., 2005), NHL cases
were ascertained among 57 053 persons followed
until 2008 (Bräuner et al., 2012). Exposures of
cases were compared with those of a random
sample of the cohort in a case‑cohort analysis
that included 239 cases and 245 individuals
from the cohort with measurements of p,pʹ-DDT
and p,pʹ–DDE. The median concentration of
p,pʹ-DDT was 24 µg/kg lipid for cases and
21 µg/kg lipid for controls; the median concentration of p,pʹ-DDE µg/kg lipid was 700 µg/kg
lipid for cases and 640 µg/kg lipid for controls.
There were suggestions of a monotonic dose–
response relationship between risk of NHL and

DDT
p,pʹ-DDT concentration. The incidence rate ratio
for the highest versus lowest exposure category
was 1.64 (95% CI, 0.68–3.96). In a linear analysis,
the incidence rate ratio for a one interquartile
range increase in exposure to p,pʹ-DDT was 1.35
(95% CI, 1.10–1.66). There was no clear pattern of
increased risk for p,pʹ-DDE. [Although measures
were made of 8 pesticides and 10 PCB congeners, no adjustment was made for co-exposure.
In addition, concentrations in a large number of
samples were below the limit of detection.]

2.1.3 Cancer of the testis
See Table 2.3
McGlynn et al. (2008) reported the results
of a case–control study on testicular germ cell
tumours conducted among United States military personnel. The cases included in the analysis were 739 men who had donated blood to
the Department of Defense Serum Repository
between 1987 and 2002, and who were subsequently diagnosed with testicular germ cell
tumour between 1988 and 2003. Controls were
915 men with a serum sample available in the
repository, matched on birth year, ethnicity, and
date of serum sample. Eleven organochlorine
compounds, including p,p′-DDT and p,p′-DDE,
were analysed in the serum. Data on other risk
factors were collected by telephone interview.
Testicular germ cell tumour was statistically
significantly associated (P for trend, 0.0002) with
increasing levels of p,p′-DDE (highest versus
lowest quartile: OR, 1.71; 95% CI, 1.23–2.38).
This association was apparent for seminoma
(OR, 1.91; 95% CI, 1.22–2.99) and for non-seminoma (OR, 1.63; 95% CI, 1.10–2.42). p,p′-DDT
was detected in only 20% of the subjects, and
was not significantly associated with testicular
germ cell tumour. [This was a well-conducted
study with a large number of subjects, and high
response rates. The use of prediagnostic serum
samples was a major advantage of this study, as

serum levels of organochlorine compounds are
unlikely to be influenced by the disease.]
In a paper by Purdue et al. (2009), the
authors reported the findings of a case–control
study on testicular germ cell tumours that was
nested within the previously described Janus
Serum Bank cohort of Norway (see Ward
et al., 2000). Cases were Janus cohort members
who were diagnosed with testicular germ cell
tumour between 1972 and 1999 through linkage
with the Norwegian cancer registry. One male
control from the cohort was matched to each
case by region, time period, and age at blood
draw. The analysis included 49 cases and 51
controls. Concentrations of 11 organochlorine
insecticides, including p,p′-DDE, p,p′-DDT, and
o,p′-DDT, and of 34 PCBs were measured in
serum. In case–control comparisons, the odds
ratio for testicular germ cell tumour increased
with increasing serum p,p′-DDE concentration:
the odds ratio for the highest to the lowest exposure tertile was 2.2 (95% CI, 0.7–6.5). A similar
association was observed when restricting the
analysis to seminoma cases. Elevated odds ratios
were also observed for p,p′-DDT (OR, 2.1; 95%
CI, 0.6–7.2 for the third versus the first quartile), but not for o,p′-DDT. [This was a small but
well-conducted study. An important strength
was the use of serum samples collected before
diagnosis, minimizing the possibility that measurements were affected by the disease. Moreover,
DDT had only recently been banned at the time
of blood sample collection (1972–1978).]
In California, USA, Cohn et al. (2010)
examined maternal serum concentrations of
DDT-related compounds in relation to sons’ risk
of testicular cancer as assessed more than 30 years
later in the Child Health and Development Studies
(described previously, see Cohn et al., 2007). Of
study participants who had serum samples, 15
sons were diagnosed with germ cell testicular
tumour. The cases were matched to three controls
each by race and year of birth; most analyses
were not adjusted for other risk factors because
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Reference, location
enrolment/followup period, study
design

Population size,
description,
exposure assessment
method

Organ site

Exposure
category or
level

McGlynn et al.
(2008)
USA
1988–2003
Nested case–control
study

Cases: 739 from
Defence Medical
Surveillance system
Controls: 915 men
with a sample in the
registry matched
on birth year, race/
ethnicity, and date of
sample
Exposure assessment
method: personal
monitoring; GC-MS
frequency for p,p′DDT 20%

Testis
(TGCT)

p,p′-DDE,
µg/g
≤ 0.157
0.158–0.250

186
167

0.251–0.390

146

> 0.390

236

Testis
(seminoma)

Testis (nonseminoma)

Exposed
cases/
deaths

Risk
estimate
(95% CI)

1.00
1.01
(0.75–1.36)
1.00
(0.73–1.38)
1.71
(1.23–2.38)

Trend-test P value: 0.0002
p,p′-DDE,
µg/g
≤ 0.157
59
1.00
0.158–0.250 68
1.17
(0.76–1.78)
0.251–0.390 57
0.98
(0.62–1.54)
> 0.390
128
1.91
(1.22–2.99)
Trend-test P value: 0.0008
p,p′-DDE,
µg/g
≤ 0.157
127
1.00
0.158–0.250 98
0.98
(0.69–1.39)
0.251–0.390 89
1.10
(0.76–1.59)
> 0.390
108
1.63
(1.10–2.42)
Trend-test P value: 0.0044

Covariates

Comments

Age at blood donation,
ethnicity, date of serum
draw, age at reference
date, cryptorchidism,
family history of
testicular cancer, height,
BMI

Strengths: large study size;
analysis of pre-diagnostic
serum samples; high
response rate; histologically
confirmed tumours
Limitations: some
participants could not be
contacted due to military
deployment; adjustment for
self-reported BMI; multiple
comparisons
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Table 2.3 (continued)
Reference, location
enrolment/followup period, study
design
McGlynn et al.
(2008)
USA
1988–2003
Nested case–control
study
(cont.)

Population size,
description,
exposure assessment
method

Organ site

Exposure
category or
level

Testis
(TGCT)

p,p′-DDT,
µg/g
≤ 0.029
630
0.0210–0.259 27

Testis
(seminoma)

Testis (nonseminoma)

Exposed
cases/
deaths

0.260–0.397

40

> 0.397

37

Trend-test P value: 0.5
p,p′-DDT,
µg/g
≤ 0.029
260
0.0210–0.259 11
0.260–0.397

19

> 0.397

22

Trend-test P value: 0.4
p,p′-DDT,
µg/g
≤ 0.029
369
0.0210–0.259 16
0.260–0.397

21

> 0.397

15

Trend-test P value: 0.86

Risk
estimate
(95% CI)

Covariates

Comments

1.00
0.81
(0.49–1.35)
1.27
(0.81–2.01)
1.13
(0.71–1.82)

1.00
0.59
(0.29–1.19)
1.20
(0.67–2.14)
1.30
(0.73–2.30)

1.00
1.02
(0.55–1.9)
1.39
(0.79–2.42)
0.94
(0.50–1.77)

DDT
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Reference, location
enrolment/followup period, study
design

Population size,
description,
exposure assessment
method

Organ site

Purdue et al. (2009)
Norway
enrolment 1972 –
1978; follow-up 1999
Nested case–control
study

Cases: 49 from
Testis
Norwegian cancer
registry
Controls: 51 men
from the Janus cohort
matched by region,
time period and age
at blood draw
Exposure assessment
method: personal
monitoring

Testis
(seminomas)

Cohn et al. (2010)
California, USA
Enrolment 1959–
1967; follow-up to
2000
Nested case–control
study

Cases: 15 from
california cancer
registry
Controls: 45 from
cohort, matched by
race and birth year
Exposure assessment
method: personal
monitoring

Testis

Exposure
category or
level

Exposed
cases/
deaths

o,p′-DDT:
Tertile 1
16
Tertile 2
11
Tertile 3
21
p,p′-DDT:
Tertile 1
11
Tertile 2
20
Tertile 3
18
p,p′-DDE:
Tertile 1
11
Tertile 2
18
Tertile 3
20
p,p′-DDE:
Tertile 1
10
Tertile 2
10
Tertile 3
14
Interquartile range
p,p′-DDT
15
p,p′-DDE

15

o,p′-DDT

15

p,p′-DDT/
15
p,p′-DDE
ratio
Trend-test P value: 0.34

Risk
estimate
(95% CI)

Covariates

Comments

1.0
0.8 (0.2–2.6)
1.4 (0.4–4.5)

Region, age at blood
donation, time period of
blood draw, total lipids

Strengths: use of serum
samples collected before
diagnosis – DDT had only
recently been banned at
the time of blood sample
collection (1972–1978);
completeness of the Norway
cancer registry
Limitations: small study size

None

Strengths: assessment of
exposure in utero from
perinatal blood samples;
maternal blood samples
taken during time period of
DDT use
Limitations: very small
study size; number lost to
follow-up is not known; no
adjustment for TGCT risk
factors

1.0
2.3 (0.7–7.2)
2.1 (0.6–7.2)
1.0
1.8 (0.6–5.5)
2.2 (0.7–6.5)
1.0
1.0 (0.3–3.8)
2.2 (0.5–8.7)
0.70
(0.26–1.64)
0.19
(0.04–0.62)
0.77
(0.37–1.33)
3.56
(1.34–11.88)

BMI, body-mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; GC-ECD, gas chromatography with electron capture
detector; GC-MS, gas chromatography-mass spectrometry; TGCT, testicular germ cell tumour; yr, year
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DDT
of small numbers. Concentrations of p,p′-DDT,
o,p′-DDT, and p,p′-DDT in mothers’ serum were
inversely associated with testicular cancer in
univariate analyses; however, after adjustment
for p,p′-DDE, the odds ratio for p,p′-DDT was
increased to 4.81 (95% CI, 0.92–48.62). The odds
ratio for p,p′-DDE in the same model was 0.08
(95% CI, 0.01–0.41). Testicular cancer cases had
significantly higher DDT/DDE ratios than their
matched controls (P < 0.05). [Direct measurements of three DDT-related compounds from
maternal serum obtained 1–3 days after delivery
was a strength of this study; however, the risk
estimate for cancer of the testis associated with
DDE concentration was extremely low in this
population, and adjusting for DDE in this data
may have introduced bias in risk estimates for
DDT]. Since cancer of the testis is relatively rare
and only 15 exposed cases were available for
analysis, risks estimates were unstable and excessively sensitive to DDE adjustment. In addition,
there was no adjustment for other risk factors.
The results must therefore be considered with
caution.]

2.1.4 Cancer of the liver
See Table 2.4
A nested case–control study was conducted
among the participants in the Nutritional
Intervention Trial in Linxian, China, to evaluate
the association between DDT and primary cancer
of the liver (McGlynn et al., 2006). Compared with
the coastal regions of China, which have a high
incidence of cancer of the liver attributed in part
to aflatoxin exposure, Linxian has a relatively low
incidence of cancer of the liver and low exposure
to aflatoxin. The trial consisted of 29 584 women
and men aged 40–69 years at enrolment (1986–
1991). A 10 mL blood sample was collected from
each participant at baseline. The cases included
168 individuals who developed cancer of the
liver in 2001, and the control group included
385 individuals frequency-matched on age and

sex who were alive and had never had cancer
of the liver. In multivariable models controlled
for hepatitis B surface antigen (HBsAg) status,
serum DDE concentration and other covariates,
the risk of developing liver cancer increased with
increased serum DDT concentration (OR for
quintile 5 versus quintile 1, 3.8; 95% CI, 1.7‑8.6;
P for trend, 0.002). The odds ratio for the same
comparison without adjustment for DDE was 2.0
(95% CI, 1.1–3.9; P for trend, 0.049). In contrast
there was no statistically significant association
between liver cancer and DDE concentration,
regardless of adjustment for DDT. The association between high serum DDT concentration
and liver cancer was stronger among individuals
with DDE concentrations below the median (OR,
3.55; 95% CI, 1.45–8.74) compared with those
with DDE concentrations above the median (OR,
1.70; 95% CI, 0.97–2.98). [Risks may be particularly increased among persons exposed directly
to DDT (resulting in a higher ratio of DDT to
DDE) or alternatively may be associated with an
individuals’ ability to metabolize DDT and DDE.
The odds ratios were not adjusted for alcohol
drinking or exposure to aflatoxin.]
In Haimen City, China, a prospective study
to identify environmental and genetic risk
factors for hepatocellular carcinoma (HCC)
in addition to hepatitis B virus (HBV) infection enrolled 83 794 people between February
1992 and December 1993 (Persson et al., 2012).
Pre-diagnostic blood samples were collected at
baseline and used to determine lipid-corrected
DDT concentrations. Information on multiple
risk factors and HBV infection status was
determined based on HBsAg. Participants were
actively followed until September 2000, and then
passively followed via death-certificate determination. Incident cases of HCC were diagnosed by
histology and/or liver imagining, α-fetoprotein
elevation (> 400 ng/mL), clinical criteria, or by
death certificate with post-mortem interviews
of family members. HCC cases (n = 488) and
controls (n = 492) were frequency-matched by
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Reference, location
enrolment/followup period, study
design

Population size,
description,
exposure assessment
method

Organ
site

Exposure
Exposed
category or cases/
level
deaths

McGlynn et al.
(2006)
Linxian, China
baseline 1984–85;
follow-up 2001
Nested case–control
study

Cases: 168; multiple
methods
Controls: 385;
frequency-matched
on age and sex
Exposure assessment
method: personal
monitoring; p,p′-DDT
and p,p′-DDE in
serum

Liver
(HCC)

DDT, ng/g
lipid
< 265 (Q1)
26
265–382
35
(Q2)
383–521
34
(Q3)
522–787
33
(Q4)
> 787 (Q5) 40
Trend-test P value: 0.049
DDT, ng/g
lipid
< 265 (Q1)
26
265–382
35
(Q2)
383–521
34
(Q3)
522–787
33
(Q4)
> 787 (Q5) 40
Trend-test P value: 0.0024
DDE, ng/g
lipid
< 1767 (Q1) 27
1767–2443 27
(Q2)
2444–3478 48
(Q3)
3479–5458 47
(Q4)
> 5458 (Q5) 19
Trend-test P value: 0.75

Liver
(HCC)

Liver
(HCC)

Risk estimate
(95% CI)

Covariates

Comments

Age, sex, HBsAg status,
commune of residence

Strengths: pre-diagnostic
blood samples; high DDT/
DDE levels in Chinese
population; controlling for
other well-known risk factors
for liver cancer
Limitations: not all liver
tumours histologically
diagnosed; exposure to
aflatoxin (AFB1) not known;
no adjustment for alcohol
drinking

1.0
1.3 (0.7–2.5)
1.4 (0.7–2.6)
1.4 (0.7–2.7)
2.0 (1.1–3.9)

1.0
1.5 (0.8–2.7)

Age, sex, HBsAg status,
commune of residence,
DDE

1.7 (0.9–3.3)
2.1 (1.0–4.3)
3.8 (1.7–8.6)
Age, sex, HBsAg status,
commune of residence
1.0
1.0 (0.5–1.9)
1.7 (0.9–3.1)
1.8 (1.0–3.3)
0.7 (0.3–1.5)
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Table 2.4 Cohort studies of cancer of the liver and exposure to DDT and its metabolites

Table 2.4 (continued)
Reference, location
enrolment/followup period, study
design

Population size,
description,
exposure assessment
method

McGlynn et al.
(2006)
Linxian, China
baseline 1984–85;
follow-up 2001
Nested case–control
study
(cont.)

Persson et al. (2012)
Haimen, China
Enrolment 1992–
1993; – follow-up to
2000
Nested case–control
study

Cases: 473; HCC
diagnosis ascertained
by histology and/or
liver imaging, alphafetoprotein elevation,
clinical criteria, or
by death certificate
with post-mortem
interviews of family
members
Controls: 488;
frequency-matched
by age, sex, residence
area
Exposure assessment
method: personal
monitoring

Organ
site

Exposure
Exposed
category or cases/
level
deaths

Liver
(HCC)

DDE, ng/g
lipid
< 1767 (Q1) 27
1767–2443 27
(Q2)
2444–3478 48
(Q3)
3479–5458 47
(Q4)
> 5458 (Q5) 19
Trend-test P value: 0.75
p,p′-DDT,
ng/g lipid
≤ 261
112
262–404
99
404–545
74

Liver
(HCC)

Liver
(HCC)

Risk estimate
(95% CI)

1.0
1.0 (0.5–1.9)

Comments

Age, sex, HBsAg status,
commune of residence,
DDT

1.7 (0.9–3.1)
1.9 (1.0–3.1)
0.8 (0.3–1.7)

1.00
1.26 (0.65–2.46)
0.86 (0.41–1.80)

545–810
76
≥ 810
112
Trend-test P value: 0.04
p,p′-DDE,
ng/g lipid
≤ 10 000
140
10 000–
81
14 746

1.29 (0.57–2.92)
2.96 (1.19–7.40)

14 746–
21 579

0.73 (0.36–1.46)

93

Covariates

1.00
0.70 (0.36–1.35)

Age, sex, area of residence,
HBsAg, family history
of HCC, history of acute
hepatitis, smoking, alcohol,
occupation, continuous
serum level of p,p′-DDE

Strengths: prospective design;
completeness of follow up;
large numbers; prediagnostic
serum samples; adjustment
for HBV chronic infection
Limitations: no assessment of
aflatoxin B1 exposure

Age, sex, area of residence,
HBsAg, family history
of HCC, history of acute
hepatitis, smoking, alcohol,
occupation, continuous
serum level of p,p′-DDT

DDT
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Reference, location
enrolment/followup period, study
design
Persson et al. (2012)
Haimen, China
Enrolment 1992–
1993; – follow-up to
2000
Nested case–control
study
(cont.)

Population size,
description,
exposure assessment
method

Organ
site

Exposure
Exposed
category or cases/
level
deaths

Risk estimate
(95% CI)

21 579–
66
32 222
≥ 32 222
93
Trend-test P value: 0.79
DDT
7
tertile 2
DDT
7
tertile 3
Trend-test P value: 0.34

0.77 (0.35–1.70)

Covariates

Comments

0.81 (0.33–2.03)
1.5 (0.5–4.9)
1.8 (0.5–6.2)

BMI, body-mass index; CI, confidence interval DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HBsAg, hepatitis B virus surface antigen; HBV,
hepatitis B virus; HCC, hepatocellular carcinoma; yr, year
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Table 2.4 (continued)

DDT
age, sex, and area of residence. In a multivariate
analysis adjusted for alcohol drinking, HBsAg,
and other risk factors, the highest quintile of
serum p,p′-DDT concentration was associated
with an increased risk of HCC (OR, 2.96; 95%
CI, 1.19–7.40) and there was a significant linear
trend in the exposure‑response relationship (P
for trend, 0.04). There was no association with
p,p′-DDE.

2.1.5 Other cancer sites
See Table 2.5
Sawada et al. (2010) reported the findings of
a nested case–control analysis of cancer of the
prostate nested within the Japan Public Health
Center-based Prospective Study, a population-based cohort that included 65 657 men aged
40–69 years at baseline in 1990–1993, of whom
14 203 provided blood samples. During follow-up
until 2005, 201 cases were identified from major
hospitals, cancer registries, and death certificates.
Two controls per case were matched by age, area
of residence, date and time of blood sampling,
and duration of fasting at blood collection.
Concentrations of OCPs and PCBs were measured in plasma. No association between incidence of cancer of the prostate and concentration
of o,p′-DDT, p,p′-DDT, or p,p′-DDE was observed
(P for trend across quartiles of exposure distribution, 0.61, 0.45, and 0.65, respectively).
A prospective follow-up study enrolled 2283
adult residents of Charleston, South Carolina,
USA in 1960. Venous blood samples were obtained
from 919 subjects in 1974–1975 and analysed
for p,p′-DDT and p,p′-DDE (Austin et al., 1989).
In internal analysis using mortality until 1985,
involving 209 deaths, a monotonic, but not statistically significant, rise in relative risk by tertile of
exposure duration was observed for cancer of the
respiratory tract. Adjusted relative risks relative
to the lowest tertile of exposure were 1.5 (95% CI,
0.5–4.9) for tertile 2 and 1.8 (95% CI, 0.5–6.2) for
tertile 3 (P for trend, 0.34). [Although follow-up

was nearly complete, the small size of the cohort
and the potential for residual confounding from
smoking due to a lack of intensity and duration
of smoking information limited the conclusions
that can be made from the results of this study.]

2.1.6 Occupational cohort studies
See Table 2.6
(a)

Non-Hodgkin lymphoma

The association between NHL and exposure
to DDT was evaluated in the AHS by Purdue
et al. (2007) and subsequently by Alavanja
et al. (2014). Based on 523 incident cases of NHL
among 54 306 study participants free of cancer
at the time of enrolment, 98 participants with
incident NHL, including multiple myeloma and
chronic lymphocytic leukaemia (CLL), provided
detailed data on DDT use before onset of disease
(Alavanja et al., 2014). The primary use of DDT in
this cohort occurred between the 1950s and the
early 1970s. DDT was banned for use on crops in
1972 in the USA. Exposure assessment methods
for the AHS are described in Section 1.4.4. Risk
estimates were adjusted for age, state of residence,
race, and total days of herbicide use. Ever use of
DDT was not associated with total NHL (RR, 1.0;
95% CI, 0.8–1.3) or any NHL subtype; however,
statistically significant positive exposure‑response trends for total NHL were observed with
lifetime days of DDT use (P for trend, 0.02)]. This
positive association with total NHL was attenuated in analyses using an earlier definition of
NHL that did not include multiple myeloma and
CLL. In subtype analyses, the highest category
of lifetime DDT use was associated with small
B-cell lymphocytic lymphoma/CLL/mantle
cell lymphoma (RR, 2.6; 95% CI, 1.3–4.8). The
excess risk in this NHL subtype was, however,
not significantly different to that for other NHL
subtypes in the polytomous regression analysis.
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Reference, location
enrolment/follow-up
period, study design

Population size,
description,
exposure assessment
method

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Sawada et al. (2010)
Japan
Enrolment 1990–1994;
follow;up to 2005
Nested case–control
study

Cases: 201 from
hospitals, populationbased cancer
registries and death
certificates
Controls: 402 cohort
members matched by
age, area of residence,
date and time of
blood sampling,
fasting at blood
collection
Exposure assessment
method: personal
monitoring;
measurements made
from blood samples
taken at baseline

Prostate

o,p′-DDT,
ng/g lipid
< 2.5
2.5–4.2

43
57

4.3–7.6

54

≥ 7.7

47

Trend-test P value: 0.61
p,p′-DDT,
ng/g lipid
< 24
41
24–40
64
41–63

50

≥ 64

46

Trend-test P value: 0.45
p,p′-DDE,
ng/g lipid
< 560
49
560–939
52
940–1599

47

≥ 1600

53

Trend-test P value: 0.65

Risk estimate Covariates
(95% CI)

1.00
1.39
(0.79–2.44)
1.29
(0.71–2.34)
1.04
(0.54–2.03)

1.00
1.51
(0.87–2.63)
0.92
(0.50–1.70)
1.0
(0.52–1.92)

1.00
1.00
(0.60–1.66)
0.89
(0.52–1.53)
0.90
(0.52–1.54)

Smoking status, alcohol
consumption, marital status,
BMI, intake of green tea,
intake of green tea and miso
soup

Smoking status, alcohol
consumption, marital status,
BMI, intake of green tea,
intake of green tea and miso
soup

Smoking status, alcohol
consumption, marital status,
BMI, intake of green tea,
intake of green tea and miso
soup

Comments

Strengths: prediagnosis blood
samples
Limitations:
response rate not
known
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Table 2.5 Cohort studies of cancer at other organ sites and exposure to DDT and its metabolites

Table 2.5 (continued)
Reference, location
enrolment/follow-up
period, study design

Population size,
description,
exposure assessment
method

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Austin et al. (1989)
Charleston, South
Carolina, USA
1974– 1985

919 residents with
available blood
sample at baseline
(1974)
Exposure assessment
method: personal
monitoring; total
DDT calculated as a
combination of p,p′DDT and p,p′-DDE
death certificate and
expert committee

Respiratory
tract:

DDT
5
tertile 1
DDT
7
tertile 2
DDT tertile 7
3
Trend-test P value: 0.34

Risk estimate Covariates
(95% CI)

Age, sex, race, years of
schooling, smoking status
1.5 (0.5–4.9)
1.8 (0.5–6.2)

Comments

Strengths: serum
sampling in 1974
(high exposure
period)
Limitations: small
study size; cancer
mortality not
incidence

BMI, body-mass index; CI, confidence interval DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; yr, year

DDT
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Reference, location
enrolment/follow-up
period, study design

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Alavanja et al. (2014b)
Iowa and North
Carolina, USA
1993–2011

57 310 certified private
and commercial male
pesticide applicators
enrolled in the
Agricultural Health
Study
Exposure assessment
method: questionnaires
administered 1993–
1997 and 1999–2005
Cases: 28; company
death records
Controls: 112 living
cohort members
matched by age, sex, &
race
Exposure assessment
method: company
records
Cases: 93; state cancer
registries
Controls: 82 503; cancer
free cohort members
Exposure assessment
method: questionnaire
1999 workers and 1984
non-exposed workers;
outdoor pest-control
workers
Exposure assessment
method: company
records; national death
and insurance registers

NHL

Garabrant et al. (1992)
USA
Employment 1948–
1971, follow-up dates
NR
Nested case–control
study
Andreotti et al. (2009)
Iowa and North
Carolina, USA
1993–2004
Nested case–control
study
Beard et al. (2003)
Australia
1935–1996

Risk estimate
(95% CI)

Covariates

Comments

No exposure 152
to DDT
< 8.75 days
43
of use
8.75–56 days 28
of use
> 56–1627.5 27
Trend-test P value: 0.02

1.0

Age, state, race,
total herbicide days

Pancreas

Ever
6
exposure
Trend-test P value: 0.02

4.8 (1.3–17.6)

NR

Pancreas

Ever use

0.4 (0.2–0.9)

Age, smoking,
diabetes, applicator
or spouse of
applicator

Strengths: large prospective
cohort study; pesticide
applicators knowledgeable
about use of specific
pesticides; detailed exposure
estimates
Limitations: field
verification of exposure
estimates done on only a
sample of applicators
Strengths: DDT
manufacturing workers had
relatively high exposure to
DDT
Limitations: small
number of cases; exposure
ascertainment by
department and job title can
allow for misclassification
Strengths: large prospective
cohort of knowledgeable
pesticide applicators
Limitations: few exposed
cases available for analysis

Pancreas

Exposure duration
< yrs
1
≥ 3 yrs
2
Exposure duration
< 3 yrs
2

Leukaemia

≥ 3 yrs

Exposed
cases/
deaths

6

1

1.3 (0.9–1.8)
1.1 (0.7–1.7)
1.7 (1.1–2.6)

5.27 (1.09–15.4)
1.35 (0.37–3.44)
2.57 (0.06–
14.29)
1.52 (0.31–4.45)

Age and calendar
period
Age and calendar
period

Strengths: DDT-exposed
workers were compared
with a non-exposed group
of workers and with the
general population
Limitations: total exposed
population was not large;
limited exposure assessment
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Table 2.6 Occupational cohort studies of exposure to DDT

Table 2.6 (continued)
Reference, location
enrolment/follow-up
period, study design

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Cocco et al. (2005)
Sardinia, Italy
1956–1999

4552 men exposed
to DDT during
antimalaria operation
Exposure assessment
method: JEM;
algorithm based on the
European Predictive
Operator Exposure
Model (EUROPOEM)
database
Sardinia and Italian
mortality records

All cancers
combined

54 412; Agricultural
Health Study
Exposure assessment
method: expert
assessment

Prostate:
total

Cumulative DDT exposure (mg)
Unexposed
228
1.0
0.01–21.6
154
1.1 (0.9–1.4)
21.7–531.4
133
0.9 (0.7–1.1)
531.5–2,755 134
0.9 (0.7–1.1)
> 2755
152
1 (0.8–1.2)
Cumulative DDT exposure (mg)
Unexposed
11
1.0
0.01–21.6
8
1.2 (0.5–3.0)
21.7–531.4
8
1.1 (0.5–2.8)
531.5–2755
13
1.7 (0.7–3.7)
≥ 2755
16
2.0 (0.9–4.4)
Trend-test P value: > 0.05
Cumulative lifetime exposure to DDT

Koutros et al. (2013)
Iowa and North
Carolina, USA
1993–2007

Stomach

Prostate:
aggressive

Exposed
cases/
deaths

Risk estimate
(95% CI)

Unexposed* 578
1.00
Q1*
96
0.98 (0.78–1.22)
Q2*
97
1.27 (1.02–1.58)
Q3*
96
1.27 (1.02–1.58)
Q4*
65
1.18 (0.95–1.34)
*Trend-test P value: 0.14
Cumulative lifetime exposure to DDT
Unexposed* 267
1.00
Q1*
47
1.06 (0.76–1.48)
Q2*
46
1.17 (0.85–1.61)
Q3*
46
1.56 (1.13–2.15)
Q4*
46
1.3 (0.94–1.80)
*Trend-test P value: 0.10

Covariates

Comments

Age, age at first
exposure, ethnic
origin

Strengths: documented
exclusive exposure to DDT
by job type and algorithm
estimate
Limitations: small numbers
for some types of cancer

Age, age at first
exposure, ethnic
origin

See Alavanja et al. (2014b)
for details
Age, state, smoking, Strengths: large cohort
study, in agricultural
fruit servings,
leisure time physical population thus high
exposure prevalence, good
activity in winter,
race, family history exposure assessment

Age, state, smoking,
fruit servings,
leisure time physical
activity in winter,
race, family history

CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; JEM, job–exposure matrix; NHL, non-Hodgkin lymphoma; NR, not reported;
OR, odds ratio; yr, year

DDT
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Cancer of the prostate

Koutros et al. (2013) studied the association
between total and aggressive cancer of the prostate with 48 pesticides, including DDT, in the
AHS. In follow-up until 2007, there were 1962
incident cases of cancer of the prostate, of which
919 were classified as aggressive. Relative risks
for the association between aggressive cancer of
the prostate and cumulative lifetime exposure
to DDT were greater than unity, but statistically
significant only in the third quartile of exposure
(RR, 1.56; 95% CI, 1.13–2.15). The relative risk
in the fourth quartile was lower (RR, 1.30; 95%
CI, 0.94–1.80) and there was no significant exposure‑response trend (P for trend, 0.10). Similar
findings were reported for total prostate cancer
and for prostate cancer stratified by family
history.
(c)

Cancer of the pancreas

Garabrant et al. (1992) conducted a cohort
study of mortality among 5886 chemical-manufacturing workers in the USA, which included
a nested case–control study of exposure to
DDT and cancer of the pancreas. There were
28 deceased cases of pancreatic cancer and 112
controls identified from the cohort matched on
age, sex, and race, who were living at the time of
the case’s death. Only men were included. Nextof-kin of cases and controls were interviewed
by telephone for lifestyle factors, occupational
history, and past chemical exposures. Exposure
histories were constructed from company records
and interviews with co-workers that sought to
determine whether a subject would have been
exposed to specific chemical given their work
location and job title. DDT was associated
with pancreatic cancer in an ever versus never
comparison (OR, 4.8; 95% CI, 1.3–17.6). Among
workers with exposure duration greater than the
median [not reported; mean exposure duration,
47 months] the risk was 7.4-times [95% CI not
reported] that of those with no exposure. The
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risk also increased with time since first exposure.
In models accounting for potential confounding
by occupational and lifestyle factors, the odds
ratio was 6.1 [95% CI not reported] (P = 0.02).
[This study was quite small and included only
deceased cases. Exposure assessment by location
and job title may allow some misclassification.]
The potential link between the use of pesticides, including DDT, and cancer of the pancreas
was evaluated in a nested case–control analysis
(Andreotti et al., 2009) based on the AHS (see
Alavanja et al., 2014),. Incident cases diagnosed
through 2004 were included in this analysis (93
cases: 64 male applicators, 29 female spouses).
Information on exposure was obtained from
questionnaires administered at enrolment. Ever
use of DDT by either applicators or spouses was
inversely associated with cancer of the pancreas
(OR, 0.4 [95% CI, 0.2–0.9]) when adjusted for
age, cigarette smoking, diabetes, and applicator
type (farmer, commercial applicator, non-certified applicator [spouse]). These results were not
appreciably changed when the associations was
limited to only certified applicators. [Although
the analysis was able to control for age, applicator type, smoking history, and diabetes, only
six DDT-exposed applicators were available for
this evaluation, which limits the strength of the
conclusion.]
(d)

Studies of multiple cancer sites

Beard et al. (2003) studied mortality among
1999 men in New South Wales, Australia,
who were part of an insecticide-application
programme at some point during the period
1935–1996. Mortality and incidence of cancer
was compared with that in a cohort of 1984 male
outdoor workers not occupationally exposed
to pesticides, and with the Australian population. A small portion of surviving subjects also
completed a lifestyle morbidity questionnaire.
Exposure to specific pesticides was estimated
from records of when each pesticide was used
and individual employment dates: 394 of the

DDT
pest-control workers were employed during the
period of DDT use from 1955 to 1962. Results
were reported for all cancers, prostate cancer, and
leukaemia. Among workers employed ≥ 3 years
during the period of DDT use, the standardized
mortality ratio (SMR) for all cancers combined
was 1.16 (95% CI, 0.92–1.46) relative to the
national population. Mortality from cancer
of the pancreas was more frequent in subjects
exposed to DDT for < 3 years (SMR, 5.27; 95% CI,
1.09–15.40; 1 case); the association was weaker
in those working for ≥ 3 years. Mortality from
cancer of the pancreas was also compared in
exposed workers and the unexposed cohort and
gave largely similar results. A similar pattern
was observed for leukaemia (SMR, 2.57; 95% CI,
0.06–14.29) among workers employed < 3 years.
[The small number of exposed cases and the
lack of information on exposure to individual
pesticides limited the conclusions that could be
drawn from this study.]
Cocco et al. (2005) investigated the association
between exposure to DDT and cancer mortality
in a cohort of 4552 men exposed to DDT as a part
of antimalaria operation in Sardinia, Italy, during
1946–1950. Employment records and information on DDT use during the operation were
used to develop individual estimates of average
and cumulative exposure. Among applicators,
an algorithm based on a European Predictive
operator exposure model (EUROPOEM) database was used to estimate dermal and inhalation
exposure to DDT. Apart from a short period
when chlordane was used in unspecified areas,
all the individuals were exposed only to DDT.
Mortality of the cohort was analysed in comparison to the general Sardinian population and in
internal comparisons to an unexposed subcohort.
Relative to the general population, overall cancer
mortality was decreased among DDT-exposed
workers, mainly due to a low risk of cancer of
the lung. The standardized mortality ratio for
cancer of the stomach was 1.4 (95% CI, 0.7–2.7;
45 observed deaths) among exposed workers,

while the standardized mortality ratios for all of
the other cancer sites reported, including liver,
pancreas, lympho-haematopoietic system, and
leukaemia were unity or below. Similar patterns
were observed among DDT applicators. In
internal analyses, mortality from cancer of the
stomach increased with increasing cumulative
exposure to DDT (RR, 2.0; 95% CI, 0.9–4.4, in
the highest quartile compared with unexposed
workers), but the trend was not significant.
Increased relative risks for cancer of the bladder,
but no significant trend, were also observed in
the higher categories of exposure to DDT (RR,
1.4; 95% CI, 0.7–3.4; for the fourth quartile
compared with the unexposed). There was no
indication of exposure‑response relationships for
other cancer sites. [Information on some important potential confounders for cancers of the lung
and pancreas, such as tobacco use and alcohol
consumption, were not individually available for
study participants, and this may have resulted in
a bias towards the null, since indirect evidence in
the paper suggested that applicators smoked less
than the comparison group.]

2.2 Case–control studies
The Working Group reviewed the available
meta-analyses with the case–control studies for
the cancers concerned, as most of the included
studies had that design.

2.2.1 Cancer of the breast
(a)

Exposure measured in blood

See Table 2.7
Twenty-two case–control studies of cancer of
the breast and exposure to DDE or DDT were
identified. Most studies adjusted for some or all
of the standard reproductive and demographic
risk factors for breast cancer, such as BMI, adult
body-weight gain, family history, menopausal
status, age at menarche, age at first birth, and
lactation history. Some studies reported data for
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Exposure category or level

Zheng et al.
(2000)
Connecticut,
USA
1995–1997

Cases: 475; hospital
pathology department
and cancer centre
Controls: 502; hospital
patients with BBD
(n = 347, response rate
71%) and 155 populationbased by random-digit
dialling (response rate,
61%)
Exposure assessment
method:
biomarker; serum
DDE, lipid-corrected
gravimetric lipids; blood
drawn post-diagnosis

Breast

DDE, ng/g lipid
< 295.0
295.0–660.0
> 660.0
Trend-test P value: 0.58

Exposed
cases/
deaths

Risk estimate
(95% CI)

139
157
179

1.00
1.05 (0.76–1.47)
0.96 (0.67–1.36)

Covariate

Comments

BMI, menarche,
lactation, FFTP age,
parity, HRT, dietary
fat, family income,
family history, race,
study site

Strengths: relatively
large sample size
Limitations: mainly
hospital cases &
controls, control
groups combined;
blood drawn after
diagnosis
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Table 2.7 Case–control studies on cancer of the breast and exposure to DDT and its metabolites measured in blood or
adipose tissue

Table 2.7 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Exposure category or level

Exposed
cases/
deaths

Demers et al.
(2000)
Quebec,
Canada
1994–1997

Cases: 314; hospital
Controls: 523; 219
hospital; 305 population
Exposure assessment
method: personal
monitoring

Breast

DDE, ng/g lipid, population controls
184.4– < 282.5
52
282.5– < 427.8
56
427.8– < 680.0
67
≥ 680.0
72
DDT, ng/g lipid, population
controls
6.0 – < 7.9
52
7.9 – < 10.6
50
10.6 – < 15.0
63
≥ 15.0
70
DDE, ng/g lipid, hospital
controls
184.4 – < 282.5
41
282.5 – < 427.8
57
427.8 – < 680.0
36
≥ 680.0
40
DDT, ng/g lipid, hospital
controls
6.0 – < 7.9
44
7.9 – < 10.6
36
10.6 – < 15.0
44
≥ 15.0
45

Risk estimate
(95% CI)

0.75 (0.45–1.25)
1.06 (0.62–1.79)
0.86 (0.52–1.42)
1.00 (0.60–1.67)

0.57 (0.34–0.95)
0.5 (0.30–0.84)
0.71 (0.43–1.19)
0.81 (0.48–1.37)

Covariate

Comments

Age, region, BMI,
lactation, FFTP,
fertility years, family
history, BBD history

Strengths: relatively
large sample size, some
population controls
Limitations: possible
confounding as higher
DDE in cases could
be to more aggressive
cancer; cases had lower
BMI than controls and
were younger; blood
collected after surgery
for cases & hospital
controls

0.85 (0.45–1.59)
0.66 (0.37–1.19)
1.54 (0.81–2.95)
1.36 (0.71–2.63)

0.85 (0.45–1.59)
1.06 (0.57–1.98)
1.07 (0.59–1.94)
1.37 (0.73–2.56)
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Exposure category or level

Millikan
et al. (2000)
North
Carolina,
USA
1993–1996

Cases: 748 from atate
cancer registry
Controls: 659; driving
license and Medicare lists
Exposure assessment
method: personal
monitoring; plasma GCECD, lipid correction,
o,p-DDT internal
standardd

Breast

Cases: 646; hospital
records
Controls: 429; population
(random-digit dialling
and insurance records)
Exposure assessment
method:
personal monitoring;
serum, ECD, lipidcorrected

Breast

Cases: 355 from cancer
registry
Controls: 327; randomdigit dialling
Exposure assessment
method:
personal monitoring;
serum DDE

Breast

DDE, µg/g lipid
All < 0.394
All 0.394–< 1.044
≥ 1.044
African-Americans < 0.71
African-Americans
0.71–< 1.8
African-Americans ≥ 1.8
Whites < 0.30
Whites 0.30–< 0.66
Whites ≥ 0.66
DDE, ng/g lipid
< 306.91
306.91–515.00
515.01–798.24
798.25–1373.48
1378.49–11 818.78
DDT, ng/g lipid
< 44.79
44.79–61.43
61.44–81.20
81.21–108.03
108.03–747.29
Serum DDE, µg/g lipid
≤ 0.44
> 0.44–0.73
> 0.73–1.15
> 1.15–1.91
> 1.91
Trend-test P value: 0.74

Gammon
et al. (2002)
Long Island,
NY, USA
1996–1997

Gatto et al.
(2007)
Los Angeles,
USA
1994–1998

Exposed
cases/
deaths

Risk estimate
(95% CI)

274
231
243
89
90

1.00
1.05 (0.79–1.40)
1.09 (0.79–1.51)
1.00
1.12 (0.70–1.77)

113
176
146
134

1.41 (0.87–2.29)
1.00
0.97 (0.68–1.40)
0.98 (0.67–1.43)

122
110
127
123
150

1.00
0.88 (0.58–1.32)
0.94 (0.63–1.43)
0.92 (0.60–1.42)
1.20 (0.76–1.9)

129
96
123
134
133

1.00
0.69 (0.44–1.07)
1.04 (0.66–1.63)
1.16 (0.75–1.80)
1.15 (0.74–1.79)

61
62
76
81
75

1.00
0.98 (0.59–1.62)
1.07 (0.65–1.75)
1.14 (0.69–1.88)
1.02 (0.61–1.72)

Covariate

Comments

Age, race (white/
black), menopause,
BMI, parity, lactation,
HRT use, income

292 African-American
cases; 456 white cases
Strengths: populationbased, relatively large
sample size
Limitations: limited
precision in stratified
analysis

Age, race, fertility,
BBD history

Strengths: populationbased, large sample size
Limitations: blood
drawn after diagnosis

Age, BMI, Lactation,
strata

African-American
women only, ages
35–64 yrs
Strengths: populationbased, large sample
of African-American
women
Limitations: timing
of blood sampling not
specified
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Table 2.7 (continued)

Table 2.7 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Exposure category or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariate

Comments

Charlier
et al. (2004)
Liege,
Belgium
2001–2002

Cases: 231; hospital
Controls: 290; hospital,
healthy screening patients
Exposure assessment
method: personal
monitoring; DDE serum
GC-MS/EI
Cases: 403; hospital
presurgery
Controls: 403; women
having medical checkups,
matched for age,
residence
Exposure assessment
method: personal
monitoring; blood draw
before surgery

Breast:

DDE > 0.5 ppb

176

2.21 (1.41–3.48)

Parity, lactation,
menopause, HRT,
family history

Strengths: sample size;
blood draw before
surgery
Limitations: no BMI
information; hospitalbased controls

Breast

Quartile median (ng/g lipid)
p,p′-DDE:
160
300
490
1100
p,p′-DDT:
5.6
8.5
12.0
23.0
o,p′-DDT:
0.9
1.3
2.0
4.1
DDE, ng/g lipid
< 242.11
242.11–509.25
> 509.25

BMI, menopause,
smoked fish
intake, vegetable
intake, family
history, menarche,
breast cancer
history, screening,
lactation, history of
chemotherapy, FFTP,
Age

Strengths: large
sample, GC-MS
method, presurgery
ascertainment
Limitations: controls
may have medical
conditions

Age, BMI, lactation,
menopause, parity,
family history, FFTP
age

Strengths: blood
sampled before
treatment; control for
major risk factors
Limitations: controls
were hospital-based

Itoh et al.
(2009)
Nagano,
Japan
2001–2005

LópezCarrillo et al.
(1997)
Mexico City,
Mexico
1994–1996

Cases: 141; hospital
Controls: 141; hospital,
non-gynaecology, nononcology, matched on age
and residence
Exposure assessment
method: biomarker

Breast

116
89
107
91

1.00
0.47 (0.24–0.92)
0.99 (0.48–2.02)
1.02 (0.46–2.26)

136
79
97
91

1.00
0.58 (0.27–1.25)
0.99 (0.47–2.07)
0.58 (0.27–1.25)

103
100
122
78

0.57 (0.25–1.29)
1.13 (0.53–2.38)
0.67 (0.30–1.50)

50
42
49

1.00
0.60 (0.31–1.16)
0.76 (0.41–1.42)
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Exposure category or level

OlayaContreras
et al. (1998)
Bogota,
Colombia
1995–1996

Cases: 153; hospital;
incident primary cancer
Controls: 153; non-cancer
hospital controls, agematched
Exposure assessment
method: biomarker;
serum DDE ECD;
blood drawn before
chemotherapy

Breast

DDE, ng/mL
0.10–0.14
0.15–1.96
1.97–19.20
Premenopausal:
0.10–0.14
0.15–2.06
2.07–19.20
Postmenopausal:
0.10–0.19
0.20–1.90
0.91–19.00
DDE, ng/g lipid
1st tertile
2nd tertile
3rd tertile

Moysich
et al. (1998)
New York
state, USA
1986–1991

Mendonça
et al. (1999)
Rio de
Janeiro,
Brazil
1995–1996

Cases: 154; area hospitals, Breast
incident primary cancer
Controls: 192; population
(motor vehicle and health
insurance rolls)
Exposure assessment
method: biomarker;
serum, ECD
Cases: 177; hospital,
Breast
admitted within 6 months
of diagnosis
Controls: 350; hospital
visitors without breast
cancer
Exposure assessment
method:
biomarker; serum ECD

Serum DDE, ng/mL
< 1.3
1.3–2.4
2.5–3.9
4.0–7.6
≥ 7.6
Trend-test P value: 0.79

Exposed
cases/
deaths

Risk estimate
(95% CI)

39
45
69

1.00
1.20 (0.64–2.25)
1.95 (1.10–3.52)

15
20
25

1.00
1.40 (0.55–3.43)
2.46 (0.96–6.30)

24
25
44

1.00
1.14 (0.50–2.75)
1.85 (0.84–4.05)

54
46
54

1.00
1.01 (0.56–1.86)
1.34 (0.71–2.55)

29
32
35
37
29

1.00
0.95 (0.49–1.80)
1.34 (0.68–2.60)
1.12 (0.58–2.10)
0.83 (0.4–1.60)

Covariate

Comments

Family history, BMI,
parity, menopause,
breast cancer history,
lactation

Strengths: menopausal
stratification
Limitations: not lipidadjusted; no stage
information

Age, education, family
history, parity, BMI,
lactation, FFTP age,
years since pregnancy,
fruit/vegetable intake,
lipids

Postmenopausal
women only
Strengths: populationbased
Limitations: low
participation rates;
blood collected after
surgery
OR in abstract differs
from tables
Strengths: NR
Limitations: no
adjustment for BMI
or alcohol; not lipidadjusted

Age, lactation,
education, parity,
smoking, family
history, breast size
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Table 2.7 (continued)

Table 2.7 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Dello Iacovo
et al. (1999)
Naples, Italy
1997–1998
(cases),
1993–1998
(controls)

Cases: 170; hospital, first
Breast
breast cancer surgery
Controls: 195; community
controls from ongoing
cohort study
Exposure assessment
method: biomarker;
fasting blood draw

Serum DDE, ng/mL
<6
6–10.2
> 10.2

Romieu et al.
(2000)
Mexico City,
Mexico
1990–1995

Cases: 120; public hospital Breast
network
Controls: 126; agestratified population
sample
Exposure assessment
method:
biomarker; lipidcorrected ECD
Cases: 175; hospital,
Breast
presurgery
Controls: 355; patients
with benign breast disease
(181) and patients seeking
screening or minor
procedures (175)
Exposure assessment
method: biomarker;
serum DDE/DDT/
chlordane/PCB; ECD;
most blood pre-surgery

DDE, ng/g lipid
0.20–1.16
1.17–1.96
1.17–3.48
3.49–14.84
Trend-test P value: 0.06

Wolff et al.
(2000b)
East Harlem,
NY, USA
1994–1995

Organ
site

Exposure category or level

DDE, µg/g lipid
0–0.44
0.45–1.03
> 1.04–12.90
Trend-test P value: 0.499
DDT, µg/g lipid
0–0.0207
0.0208–0.033
0.034–1.3
Trend-test P value: 0.241

Exposed
cases/
deaths

Risk estimate
(95% CI)

51
49
70

1.00
0.84 (0.47–1.51)
1.24 (0.7–2.2)

18
20
38
44

1.00
1.06 (0.44–2.55)
1.75 (0.76–4.09)
2.16 (0.85–5.50)

56
42
55

1.00
0.80 (0.49–1.30)
0.93 (0.56–1.50)

44
50
56

1.00
1.19 (0.73–2.00)
1.34 (0.82–2.20)

Covariate

Comments

Age, BMI, lactation,
parity, serum lipids,
education, smoking,
menopause

Strengths: sizeable
sample; > 30% having
DDE > 10 ng/mL
Limitations: cases
and controls from
different sources and
not concurrent; criteria
not stated for selection
of controls; menopause
not controlled
Strengths: high
participation rates
Limitations: smaller
sample size; age
difference in cases
and controls could
affect DDE/DDT risk;
selection criteria for
subsample not given
Control groups pooled
for analysis
Strengths: stage and
receptor information,
multiracial
Limitations: hospitalbased

Age, menarche,
lactation, BMI,
menopause

Age, age-square,
menopause, race,
strata, lactation, HRT,
parity
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Schecter
et al. (1997)
Hanoi, Viet
Nam
1994

Cases: 21; hospital,
Breast
histologically-confirmed
invasive cancer
Controls: 21; hospital;
BBD
Exposure assessment
method: biomarker;
serum; blood taken at
diagnosis
Cases: 69; hospital,
Breast
premenopausal
Controls: 53; hospital
visitors, age-matched
Exposure assessment
method:
biomarker; serum; ECD;
blood sampled pretreatment
Cases: 24; hospital, all had Breast
treatment
Controls: 88; participants
in another study
Exposure assessment
method: biomarker;
serum gravimetric lipids,
ECD

Soliman
et al. (2003)
Egypt
Period NR

Pavuk et al.
(2003)
Slovakia
1997–1999

Organ
site

Exposure category or level

DDE, ng/mL
3rd vs 1st tertile
DDT, ng/mL
3rd vs 1st tertile

DDE (ppb)
> 4.7

DDE, ng/g lipid
233–2582
2583–4388
4389–19 912
Trend-test P value: 0.10
DDT, ng/g lipid
29–81
82–136
137–562
Trend-test P value: 0.68

Exposed
cases/
deaths

Risk estimate
(95% CI)

8

1.14 (0.23–5.68)

5

1.21 (0.15–9.65)

69

1.41 (0.63–3.19)

8
2
14

1.00
0.53 (0.08–3.27)
3.04 (0.65–14.3)

8
3
13

1
0.33 (0.06–1.7)
1.19 (0.27–5.23)

Covariate

Comments

Menarche, parity,
lactation, weight

DDE 16.7 ng/mL, DDT
2.4 ng/mL in controls
Strengths: NR
Limitations: BBD
controls; cases likely at
an advanced stage

Age, lactation,
residence

Strengths: highly
exposed younger
women
Limitations: small
sample size; limited
control for potential
confounders

Age, menarche,
education, alcohol
intake, smoking

Strengths: NR
Limitations: blood
drawn after treatment
and up to 2 yrs since
diagnosis
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Table 2.7 (continued)

Table 2.7 (continued)
Reference,
location,
enrolment/
follow-up
period
Rubin et al.
(2006)
Alaska
1981–1987

Population size,
description, exposure
assessment method

Organ
site

Cases: 63; from Alaska
Breast
Native Tumor registry
with a prior banked
serum sample
Controls: 63; pairmatched cancer-free
Alaska native women
with a sample in the
serum bank the same year
as a case sample
Exposure assessment
method: biomarker
van’t Veer
Cases: 265; EURAMIC
Breast
et al. (1997)
study, postmenopausal
Germany, the women age 50–74
Netherlands, Controls: 341; hospital,
Northern
matched by centre and
Ireland,
age
Switzerland, Exposure assessment
and Spain
method: biomarker;
1991–1992
needle aspirates from
gluteal adipose tissue
Liljegren
Cases: 43; hospital
Breast
et al. (1998)
Controls: 35; hospital,
Sweden
BBD
1993–1995
Exposure assessment
method: biomarker;
frozen adipose tissue
from surgery

Exposure category or level

DDE (ppb)
< 6.17
6.17–9.61
> 9.62

DDE, µg/g
≤ 0.86
0.87- 1.89
1.89–3.46
> 3.46
Trend-test P value: 0.02

DDE, ng/g lipid
≤ 700
> 700

Exposed
cases/
deaths

Risk estimate
(95% CI)

15
18
30

1.00
0.57 (0.15–2.19)
1.43 (0.46–4.47)

73
75
63
54

1.00
1.14 (0.62–2.12)
0.71 (0.38–1.34)
0.48 (0.25–0.95)

31
12

1.0
0.4 (0.1–1.2)

Covariate

Comments

Parity, family
history of breast
cancer, ethnicity,
triglycerides,
cholesterol levels

Geometric mean
DDE, 7.36 ng/mL in
controls; Alaska native
population
Strengths: blood
sampled years before
diagnosis; wide range
of exposure
Limitations: small
sample size; limited
control for breastcancer risk factors
Strengths: women with
substantial weight
loss in the past year
excluded
Limitations: low
response rates among
controls

Age, centre, BMI, age
at first birth, alcohol
consumption

Age, parity

Patients operated
by one surgeon for
malignant or benign
breast diseases
Strengths: ER status
was determined
Limitations: very small
sample size
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Zheng et al.
(1999)
Connecticut,
USA
1994–1997

Cases: 304; patients with
Breast
surgery for incident breast
cancer and available
tissue sample
Controls: 186; surgical
patients with incident
BBD and available tissue
sample
Exposure assessment
method: biomarker; GC;
breast adipose tissue for
cases and controls
Cases: 217; hospital:
Breast
women scheduled for
biopsy with subsequent
diagnosis of cancer
Controls: 213; as for cases
but with nonmalignant
diagnoses
Exposure assessment
method: biomarker;
biopsy specimens
obtained before diagnosis

Aronson
et al. (2000)
Ontario,
Canada
1995–1997

Organ
site

Exposure category or level

DDE, ng/g lipid
< 412.6
412.6–779.2
779.3–1355.9
≥ 1356.0
Trend-test P value: 0.4

DDE, µg/kg lipid
≤ 368
369–727
728–1389
> 1390

Exposed
cases/
deaths

Risk estimate
(95% CI)

65
85
71
83

1
1.3 (0.7–2.2)
0.9 (0.5–1.6)
0.9 (0.5–1.5)

55
59
54
49

1.00
0.96 (0.55–1.68)
0.92 (0.51–1.67)
1.62 (0.84–3.11)

Covariate

Comments

Age, BMI, lifetime
months of lactation,
age at menarche, age
at FFTP, menopausal
status, race, income
10 years before the
disease diagnosis or
interview

Women aged 40–79 yrs
Strengths: relatively
large sample size
Limitations: based in
only one hospital

Age, study site,
menopausal status,
present use of HRT,
ethnicity, BMI fat and
alcohol intake

Strengths: control for
multiple risk factors;
tissue sampled before
diagnosis
Limitations: Based on
only two hospitals;
DDE analysis only for
about 50% of eligible
women
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Table 2.7 (continued)

Table 2.7 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ
site

Ibarluzea
et al. (2004)
Spain
1996–1998

Cases: 198; hospital:
Breast
women undergoing
surgery for newly
diagnosed malignant
breast cancer
Controls: 260; hospital:
women undergoing noncancer-related surgery
(65% gall bladder)
Exposure assessment
method: biomarker;
adipose tissue from breast
for cases and abdomen for
controls

Exposure category or level

DDE, ng/g lipid
≤ 201.72
201.73–397.67
397.68–675.97
≥ 675.98

Exposed
cases/
deaths

Risk estimate
(95% CI)

33
40
29
19

1.00
1.04 (0.59–1.84)
1.23 (0.69–2.17)
1.22 (0.68–2.21)

Covariate

Comments

Age, reference
hospital, number
of children, age at
FFTP, family history
of breast cancer, and
alcohol and tobacco
consumption

Women aged 36–70 yrs
Strengths: relatively
good sample size, high
response rates

BBD, benign breast disease; BMI, body-mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; ER, estrogen receptor;
FFTP, first full-term pregnancy; GC-ECD, gas chromatography-electron capture detector; GC-MS/EI, gas chromatography-mass spectrometry- electron ionization; HRT, hormone
replacement therapy; NR, not reported; OR, odds ratio; PCB, polychlorinated biphenyl; vs, versus; yr, year
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DDT as well as for DDE, but the predominant
findings were related to DDE. Most studies used
blood serum; a few used plasma; one used whole
blood. Unless otherwise indicated, DDE refers to
p,p′-DDE and DDT to p,p′-DDT. These studies
are described below in order of decreasing size.
In addition, a pooled analysis of three case–
control studies and two cohort studies also
reviewed individually in this volume is described
in this section (Laden et al., 2001b). Four studies
reported incomplete study details (Charlier et al.,
2003; Li et al., 2006a; Chang et al., 2008; Zhang
et al., 2013) and were excluded from further
review.
Seven studies with more than 200 cases and
a similar number of controls were availabile to
the Working Group; four were from the USA and
the remaining three were from Canada, Belgium,
and Japan (Demers et al., 2000; Millikan et al.,
2000; Zheng et al., 2000; Gammon et al., 2002;
Charlier et al., 2004; Gatto et al., 2007; Itoh
et al.,2009). Three were population based, four
hospital-based. Data collection occurred in the
mid 1990s, except for Itoh et al. (2009), which
began in 2001, and blood draw was generally
soon after diagnosis and before treatment. The
highest levels of DDE in blood serum were
observed among black women in two studies
in the USA, with an average of approximately
8 ng/mL among controls in both North Carolina
(Millikan et al., 2000) and Los Angeles (Gatto
et al., 2007).
Zheng et al. (2000) conducted a case–control
study in Connecticut, USA. Cases (n = 475) were
enrolled at a New Haven hospital and through
a cancer centre that captured cases from a
nearby county. Controls (n = 502) were frequency-matched on age, comprising 347 hospital
patients with benign breast disease and 155
population-based controls sampled by randomdigit dialling. Mean serum DDE concentration
was 456 ng/g lipid in controls. Associations were
null (OR, 0.96; 0.67–1.36; P for trend, 0.58) for the
third versus first tertile of DDE concentration (P
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for trend, 0.58), adjusted for standard risk factors
for breast cancer. Results were similar in analyses
stratified by parity and breast feeding. [This was
a large study, but blood was drawn after diagnosis and most controls were hospital-based and
had benign breast disease, which shares risk
factors with breast cancer. Data for DDT were
not reported.]
Demers et al. (2000) undertook a hospital
based case–control study in Québec, Canada.
Cases (n = 314) were women with invasive
cancer identified in 1994–1997 before treatment.
Controls were surgical patients (n = 218) with no
gynaecologic conditions and women randomly
selected from insurance lists (305). Controls and
cases were frequency matched on age and residence. Mean serum DDE was 463 ng/g lipid in
controls; DDT was 12 ng/g lipid. Associations
were null in analyses with population controls
(e.g. OR, 1.00; 95% CI, 0.60–1.67; for DDE fifth
versus first quintile); however, in analyses using
hospital controls the odds ratio was non-significantly increased in the highest exposure categories (OR, 1.37; 95% CI, 0.71–2.63; for the fifth
versus the first quintile). Similar patterns were
observed for DDT. In case‑case analyses, more
aggressive cancer was more strongly associated
with higher DDE concentration. [This was a large
study, with some population-based controls. The
Working Group was concerned that a significant
proportion of aggressive cases could have higher
organochlorine serum levels because of disease.]
Millikan et al. (2000) conducted a population-based case–control study of cancer of
the breast among black and white women in
North Carolina, USA. DDT exposures in this
population in the southern USA were relatively high: mean plasma DDE concentrations
among controls were 1690 ng/g lipid among
black women, and 760 ng/g lipid among white
women. Data for DDT were not reported. The
risk of breast cancer increased with DDE concentration among black women (OR, 1.41; 95% CI,
0.87–2.29; for thirrd versus first tertile of DDE),

DDT
but not among white women (OR, 0.98; 95% CI,
0.67–1.43), or all women combined (OR, 1.09; 95%
CI, 0.79–1.51). The risk was higher but imprecise
among black women with BMI < 25 kg/m2 (OR,
3.84; 95% CI, 0.98–15.08; third versus first tertile
of DDE). Analyses across other strata, history
of having lived or worked on a farm, parity,
and lactation gave imprecise results. [This large
population-based study included a large number
of black women, with higher exposures than
in many other studies. Participation was much
lower in controls than cases, and the analyses by
BMI strata suggested unresolved confounding
from pharmacokinetic factors or chance.]
Gammon et al. (2002) reported on a study of
cancer of the breast and exposure to organochlorine compounds in Long Island, New York, USA.
Incident cases of breast cancer in 1996 and 1997
were identified from hospital pathology records,
and age-matched population controls were
sampled by random-digit dialling or from health
insurance lists for those aged > 65 years. Data
on the concentration of DDE and DDT in serum
were available for a subset of cases and controls
(643 cases and 427 controls for DDE; 633 cases
and 418 controls for DDT). No increase in the
risk of cancer of the breast was associated with the
concentration of either DDE or DDT. Findings
were similar in analyses stratified by BMI and
tumour hormone-receptor status. [This large
population-based study included many environmental risk factors, and results were stratified by
suspected risk modifiers. Participation was lower
in controls than cases.]
Gatto et al. (2007) studied the association
of cancer of the breast and serum DDE concentration among African-American women in a
population-based study in Los Angeles, USA.
Organochlorine concentrations were measured
in serum of a subset of the larger study (355 cases,
327 controls). The lipid-adjusted concentration
of serum DDE was higher than in most studies
(1250 ng/g lipid among controls); however, there
was no association between risk of breast cancer

and DDE concentration (OR, 1.02; 95% CI,
0.61–1.74; for fifth versus first quintile; P for trend,
0.74. [The large sample was population-based for
cases and controls. Participation was lower in
controls than cases. DDT was not reported. It
was not clear whether blood was sampled before
treatment.]
Charlier et al. (2004) studied the association
between cancer of the breast and serum DDE
concentration among 231 cases recruited from
a hospital surgery unit and 290 age-matched
controls seeking cytology screening in Belgium,
2001–2002. Blood was collected pre-surgery,
and DDE was measured in serum by mass spectrometry. Both DDE and DDT levels were low
compared with other studies (DDE, 310 ng/g
lipid; DDT, 20 ng/g lipid among controls; other
DDT isomers were not detectable). The odds ratio
was 2.21 (95% CI, 1.41–3.48) for DDE concentration above the limit of quantification (0.5 ppb)
and 1.24 (95% CI, 1.15–1.34) per ppb DDE in
serum. Risk data for DDT were not reported.
[Reasonably large sample size and blood draw
before surgery were strengths of this study.
Limitations included use of hospital controls
and absence of BMI information. The Working
Group noted that the risk estimates per unit of
exposure exceeded those in most other studies;
however, this was not readily explained by any
aspect of the study design or methods.]
Itoh et al. (2009) recruited 403 consecutive patients with cancer of the breast from
four hospitals in Japan, in 2001–2005. Control
patients (n = 403) having medical checkups were
matched for age and residence. Blood samples,
collected before surgery for cases, were analysed
for nine OCPs and PCBs. DDE and DDT levels
in serum were low (370 and 9.9 ng/g lipid, respectively, in controls). After adjustment for multiple
risk factors, no association or significant trend
was found with the concentration of DDE, DDT,
or o,p′-DDT. The odds ratio of for the fourth
versus first p,p′-DDE quartiles was 1.02 (95%
CI, 0.46–2.26). Stratified analyses by ER and
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menopausal status were also null. [This large
study used high-quality laboratory methods and
obtained blood before surgery. Controls could
have had medical conditions that affected DDE
levels.]
[This group of large studies included two
population-based studies with large numbers
of African-American women who had higher
DDT exposures than whites. Nevertheless, the
range of exposures was modest; no median DDE
levels exceeded 10 ng/mL. The Working Group
noted that DDT blood levels in these studies were
generally less than about 10% the concentration
of DDE, consistent with past, not current, exposure. Several studies measured exposure to other
pesticides or to PCBs in addition to DDT, but
potential confounding from these exposures was
generally not assessed. Blood sampling for cases
occurred after diagnosis, but several studies
reported that blood samples were obtained before
treatment. Not all studies reported excluding
metastatic or secondary cancer.]
An additional seven studies each with
between 100 and 200 cases of cancer of the breast
provided pertinent data (López-Carrillo et al.,
1997; Moysich et al., 1998; Olaya-Contreras et al.,
1998; Dello Iacovo et al., 1999; Mendonça et al.,
1999; Romieu et al., 2000; Wolff et al., 2000b).
The data were collected between 1986 and 1995;
two studies were from the USA, four were from
Latin America, and one was from Italy.
López-Carrillo et al. (1997) conducted a
hospital-based case–control study in 1994–1996
in Mexico City, Mexico. Cases (n = 141) aged
20–79 years were recruited from participating
hospitals and an equal number of age-matched
cancer-free controls were selected from other
hospital services. Mean serum concentrations
of 505.5 ng/g lipid and 84.5 ng/g lipid were
reported for DDE and DDT, respectively. DDE
concentration was higher in cases and DDT
was higher in controls, with neither difference
being statistically significant. DDE level was not
associated with the risk of cancer of the breast,
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including in models adjusted for multiple risk
factors for breast cancer; the odds ratio for the
third versus the first tertile of DDE was 0.76 (95%
CI, 0.41–1.42). Analyses stratified by menopausal
status gave similar results. No risk data were
reported for DDT.
Olaya-Contreras et al. (1998) recruited women
with incident breast cancer from a cancer-speciality hospital and controls from a hospital
providing non-cancer care in Bogota, Colombia,
during 1995–1996 (153 pairs). Blood samples for
the cases were obtained before treatment; mean
plasma DDE was 2.5 ng/mL among controls and
was higher in cases than controls, regardless
of menopausal status. The risk of breast cancer
increased with plasma DDE concentration (OR,
1.95; 95% CI, 1.10–3.52; for the thirrd versus first
tertile), but the trend was not statistically significant (P for trend, 0.09). DDD and DDT were
measured, but results were not reported [DDE
was not lipid-adjusted].
Moysich et al. (1998) studied the association
between postmenopausal cancer of the breast with
serum concentrations of several organochlorine
compounds, including DDE, in a case–control
study in the state of New York, USA. Women
with incident, primary postmenopausal cancer
of the breast were identified from hospitals, while
the controls were postmenopausal women from
the community sampled from motor-vehicle
and health-insurance records. Data on DDE in
serum and risk factors for cancer of the breast
were available for 154 cases and 192 controls;
blood samples were obtained after surgery for
most cases. Among all women, the risk of breast
cancer was increased in the highest category of
DDE exposure (OR, 1.34; 95% CI, 0.71–2.55), but
there was no significant exposure‑response trend
(P for trend, 0.25). Stronger associations, but no
significant trend, were observed for women who
had never lactated.
A case–control study in Rio de Janeiro, Brazil,
enrolled women admitted to a national cancer
hospital with a diagnosis of breast cancer within
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6 months as cases, and female hospital visitors
without breast cancer as controls (Mendonça
et al., 1999). Cases and controls were interviewed
in hospital and blood specimens were obtained
(before surgery for most cases) and analysed for
DDE and related compounds. DDE concentrations were available for 162 cases and 331 controls.
No association between the risk of breast cancer
and increasing serum DDE was observed (P for
trend, 0.79). [The Working Group noted that the
odds ratios reported in the abstract and tables
did not match; the figures tabulated here are
from Table 3 of the paper.]
Dello Iacovo et al. (1999) conducted a
case–control study in Naples, Italy, among 170
women undergoing surgery for breast cancer in a
cancer-speciality hospital and 190 controls from
a cohort study on diet and cancer at the same
hospital. Blood samples were analysed for several
organochlorine compounds, including DDE and
DDT. The odds ratios for breast cancer and serum
DDE concentration were 0.84 (95% CI, 0.47–1.51)
for 6.0–10.2 ng/mL, and 1.24 (95% CI, 0.70–2 20)
for > 10.2 ng/mL, relative to a referent group with
< 6.0 ng/mL. Data for DDT were not reported.
A hospital-based study in New York City, USA,
included 175 women with incident breast cancer,
a control group of 181 women having surgery or
biopsies for benign breast disease, and a second
control group of 175 women without either
disease who were undergoing screening or minor
procedures (Wolff et al., 2000b). Concentrations
of organochlorines were determined in blood
samples, most of which were collected before
surgery. DDE concentration was not associated
with the risk of breast cancer. However, risks
were non-significantly increased for DDT (OR,
1.34; 95% CI, 0.82–2.2; in the highest exposure
category. No significant trend was observed for
either exposure indicator.
Romieu et al. (2000) measured serum DDE
and DDT concentrations for a subsample of 120
cases of cancer of the breast and 126 controls
from a larger study initiated in 1990 in Mexico

City, Mexico. In the original study, cases were
recruited from a network of hospitals affiliated
with the government health system and controls
were an age-stratified random sample of the
general population. Levels of DDE and DDT in
controls were 2510 ng/g lipid, and 230 ng/g lipid,
respectively. The concentration of DDE was
significantly higher in cases than in controls,
while the concentration of DDT was non-significantly higher in controls. With adjustment for
risk factors for breast cancer, but not DDT, the
odds ratio for DDE was 2.16 (95% CI, 0.85–5.50)
for the fourth compared with the first quartile (P
for trend, 0.06). Similar odds ratios were observed
in analyses stratified by menopausal status. Risk
data were not reported for DDT.
Four smaller studies from several countries
had comparatively high average serum or plasma
DDE concentrations of up to 17 ng/mL (Schecter
et al., 1997; Pavuk et al., 2003; Soliman et al.,
2003; Rubin et al., 2006).
In a hospital-based study in Hanoi, Viet Nam,
Schecter et al. (1997) measured serum DDE and
DDT concentrations in 21 women with invasive
cancer of the breast and 21 control women with
fibrocystic breast disease. Mean DDE contentration in the controls was 16.7 ng/mL. Neither
DDE nor DDT concentration was significantly
associated with the occurrence of breast cancer.
[While women in this study had relatively high
exposures to DDE, the small sample size limited
precision.]
Soliman et al. (2003) studied the association
of serum organochlorine levels with cancer of the
breast among 69 premenopausal women newly
diagnosed with cancer of the breast from three
centres in Egypt and 69 women hospital visitors
selected as controls. Mean DDE concentration
in controls was 17 ppb and was higher among
rural than urban women. The odds ratio for DDE
concentration above the median (4.7 ppb) was
1.41 (95% CI, 0.63–3.19). DDT concentrations
were measured, but no risk data were reported.
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[Exposures were relatively high in this population, but precision was limited.]
In a study in Slovakia, Pavuk et al. (2003)
analysed the association between several organochlorines and cancer of the breast among 24
cases with diagnoses in 1997–1999 identified
from a hospital oncology service and 88 controls
participating in a cross-sectional study in the
same district in 1998. All the cases had been
treated before providing blood samples. For
DDE, the odds ratio for the third versus first
tertile of exposure was 3.04 (95% CI, 0.65–14.3; P
for trend, 0.10). For DDT, the odds ratio was not
notably increased. [The limitations of this study
included blood collection up to 2 years after
diagnosis and treatment, different sources for
cases and controls, limited control for potential
confounders, and limited precision.]
Rubin et al. (2006) measured DDE in banked
serum samples collected from native women in
Alaska, USA, in 1981–1987. Cases (n = 63) were
women in the Alaska Native Tumor Registry with
incident cancer of the breast cancer diagnosed
up until 1995 and an earlier serum sample, Pairmatched controls were women with a sample in
the same serum bank collected in the same year
as a case’s sample. In a multivariable model, the
odds ratio for the third tertile of DDE exposure
(> 9.62 ppb) was 1.43 (95% CI, 0.46–4.47). [This
population had fairly high exposures to DDT
and blood was sampled years before diagnosis;
however, there was no adjustment for reproductive risk factors or BMI, and precision was
limited.]
A pooled analysis of three of the case–control
studies (Moysich et al., 1998; Wolff et al., 2000b;
Zheng et al., 2000) and of the two cohort studies
(Hunter et al., 1997; Helzlsouer et al., 1999)
reviewed in this monograph included 1400 cases
of cancer of the breast and 1642 controls from
five different areas of the USA (Laden et al.,
2001b). Median concentrations of DDE in serum
or plasma ranged from 2.6 to 11.1 ng/mL across
the five studies. In pooled case–control analyses
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adjusted for key breast cancer risk factors, there
was no association between breast cancer risk and
lipid-adjusted DDE concentration. [The pooled
analysis included a wide range of DDE serum
concentrations of > 10 ng/mL; the strengths of the
pooled analysis, in addition to improved precision, included unified quality control during the
course of the laboratory assays in four separate
laboratories.]
(b)

Exposure measured in adipose tissue

See Table 2.7
Seven case–control studies of the relationship
between DDE or DDT concentration in adipose
tissue and risk of cancer of the breast were available to the Working Group (van’t Veer et al., 1997;
Liljegren et al., 1998; Zheng et al., 1999; Aronson
et al., 2000; Bagga et. al., 2000; Woolcott et al.,
2001; Ibarluzea et al., 2004).
The European community multicenter study
on antioxidants, myocardial infarction, and
breast cancer (EURAMIC) study in Germany, the
Netherlands, Northern Ireland, Switzerland, and
Spain enrolled 265 postmenopausal women with
cancer of the breast and 341 controls matched
for age and centre in 1991–1992 (van’t Veer et al.,
1997). The mean DDE concentration in adipose
tissue aspirates was 1.51 µg/g among controls
and 1.35 μg/g among cases. After adjustment
for BMI, age at first birth, and current alcohol
drinking, odds ratios for cancer of the breast
decreased with increasing DDE levels; women
in the highest category of DDE exposure had
an odds ratio of 0.48 (95% CI, 0.25–0.95). [This
study had low response rates (22–50%) among
controls, except for in Spain (91%).]
In a case–control study in Connecticut, USA
(Zheng et al., 1999), 304 women with incident
breast cancer and 186 control women with benign
breast disease were enrolled beween 1994 to 1997.
Cases and controls were aged 40–79 years and
had had breast-related surgery at a single hospital
and an available sample of breast adipose tissue.
DDT and DDE concentrations were measured in
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stored adipose tissue specimens. Age-adjusted
geometric mean tissue DDE and DDT concentrations were similar for cases and controls (respectively, 736.5 ppb and 784.1 ppb for DDE; 51.8
ppb and 55.6 ppb for DDE). Analyses adjusted
for reproductive and demographic risk factors
did not indicate an association between adipose
tissue levels of DDE or DDT and risk of breast
cancer. [This study had a relatively large sample
size, although it was based in a single hospital.
The population may have overlapped with that
of a study by Zheng et al. (2000) on breast cancer
and DDT measured in blood.]
Liljegren et al. (1998) investigated the association between cancer of the breast and exposure
to several chlorinated compounds, including
DDE, in adipose tissue in a case–control study
in surgical patients in Sweden. The population
included 43 patients treated for malignant breast
lesions and 35 treated for benign breast lesions by a
single surgeon in 1993–1995. DDE concentration
was measured in adipose tissue samples obtained
at surgery. The concentration of DDE was higher
among controls than among cases (1026 versus
767 ng/g lipid, respectively). Odds ratios adjusted
for age and parity were below unity, but not
statistically significant for all women, as well
as for postmenopausal women and cases with
ER-positive tumours. [Conclusions were limited
by incomplete control for established risk factors,
and small sample size.]
The relationship between risk of cancer of the
breast and the concentration of DDE and other
organochlorines was evaluated by Aronson et al.
(2000) in a hospital-based case–control study
in Ontario, Canada. Women aged < 80 years in
1995–1997 were enrolled at the time of biopsy.
Through subsequent review of pathology records,
217 women with breast cancer and 213 control
women, most with benign breast lesions, were
identified. Concentrations of DDE and DDT
were measured in biopsy tissue (geometric mean
DDE concentration: cases, 693 μg/kg; controls,
596 μg/kg ). For DDE, odds ratios adjusted for

established risk factors were about unity except
in the highest exposure category (OR, 1.62; 95%
CI, 0.84–3.11; for concentrations ≥ 1390 µg/kg).
This association was largely confined to premenopausal women. DDT concentrations were not
associated with risk of breast cancer. In a further
study in this population (Woolcott et al., 2001),
breast cancer subtypes were defined by tumour
characteristics, including ER status, progesterone
receptor (PR) status, tumour size, and grade.
Although the odds ratios did not differ significantly by subtype, DDE levels were higher with
risk of ER-negative (OR, 2.4; 95% CI, 1.0–5.4)
breast cancer than ER-positive breast cancer (OR,
1.1; 95% CI, 0.6–1.9) [This study included adjustments for multiple risk factors for breast cancer,
including fat intake. However, participants were
enrolled exclusively from two hospitals and only
50% of eligible women had enough adipose tissue
available for analysis.]
Bagga et al. (2000) conducted a case–control
study on the association betweem cancer of the
breast and OCPs in breast adipose tissue among
participants in a health plan in California,
USA. The cases were 73 women with breast
cancer and an equal number of women undergoing breast-reduction surgery were enrolled as
controls, respectively. Concentrations of DDT
and its metabolites were measured in adipose
tissue obtained at biopsy. The concentration of
DDE, but not DDE, was significantly higher
in cases than in controls (800 versus 709 ng/g;
P = 0.006). The association between risk of breast
cancer and DDE and DDT concentrations was
modelled using quadratic terms in logistic regression models adjusting for age. The coefficients
were positive for both exposure metrics, but
were not statistically significant. [This study was
reported in a brief communication and details
on the methods used were limited. Analyses did
not control for important risk factors, and the
modelling methods and results were not readily
comparable with other studies.]
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In Spain, Ibarluzea et al. (2004) carried out a
case–control study with 198 women with cancer
of the breast and 260 age- and hospital-matched
control women. Cases were undergoing surgery
for breast cancer and controls were receiving
surgery for other, non-cancer conditions, mostly
of the gall bladder. Concentrations of DDT and
its metabolites, as well as those of several other
chemicals, were measured in samples of breast
or abdominal adipose tissue from cases and
controls, respectively. Geometric mean DDE
concentrations were 326.86 ng/g lipid among
cases and 307.34 ng/g lipid among controls.
Adjusted odds ratios were greater than unity in
the two higher exposure groups (OR, 1.22; 95%
CI, 0.68–2.21; for DDE ≥ 675.98 ng/g), but there
was no significant trend with increasing exposure. In stratified analyses, increased risk was
limited to postmenopausal women. Risk data
were not reported for DDT. [This study had a
relatively good sample size, and high response
rates. There were no controls for lactation.]
(c)

Other exposure assessment methods

In the Long Island Breast Cancer Study
Project (LIBCSP), White et al. (2013) assessed
self-reported acute exposure to a fogger truck
(used in the area to spray DDT before it was
banned in 1972) as a proxy measure of exposure
to DDT in 1508 cases and 1556 controls. Among
all women, 33% reported ever seeing a fogger
truck at their residence before 1972. For women
reporting such exposure, the odds ratio for breast
cancer was 1.16 (95% CI, 0.98–1.37). Odds ratios
were near unity for reported exposure before
age 14 or age 20 years, or after 1972. Compared
with other breast cancer subtypes, women with
ER+PR+ tumours had an increased odds ratio
for ever seeing a pre-1972 fogger truck (OR, 1.44;
95% CI, 1.08–1.93). Self-reported exposure to a
fogger truck was not correlated with serum DDT
or DDE concentrations. [There were low response
rates among controls. Differential recall of exposure may have affected the results.]
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(d)

Meta-analyses

Four meta-analyses evaluated the association
between cancer of the breast and DDT and/or
DDE (Adami et al., 1995; López-Cervantes et al.,
2004; Ingber et al., 2013; Park et al., 2014).
Forty-six studies on the association between
cancer of the breast and exposure to DDT or DDE
from 500 published studies screened through
June 2012 were included in a meta-analysis by
Ingber et al. (2013). The meta-odds ratio for DDE
was 1.04 (95% CI, 0.94–1.15) and DDT was 1.02
(95% CI, 0.92–1.13). There was no indication of
publication bias (Begg’s P-value, 0.09; Egger’s
P-value, 0.14). Heterogeneity was moderate for
DDE (I2, 31.72%) and high (I2, 64.5%) for DDT.
Lipid-adjusted differences in mean concentration
were significantly higher for DDE concentrations
in cases versus controls (difference, 110.30 ng/g
lipids; P = 0.01), while no differences were found
for non-lipid adjusted estimates or for DDT.
A meta-analysis by Park et al. (2014) included
35 case–control studies (8160 cases and 9280
controls) on DDE exposure and cancer of the
breast with nested, population-based, and
hospital-based designs published in English
until August 2012. The summary odds ratio for
DDE was 1.03 (95% CI, 0.95–1.12). There was
no evidence of publication bias (funnel plots
were symmetric; Egger’s test P value, 0.145) and
moderate heterogeneity was indicated (I2, 40.9;
P = 0.006) overall. Subgroup meta-analysis indicated no significant association between exposure to DDE and risk of breast cancer by type
of design, study years, biological specimens, and
geographical region of the study.
Both the Park et al. (2014) and the Ingber
et al. (2013) meta-analyses were largely consistent
with the 2004 meta-analysis by López-Cervantes
et al. (2004) which examined the scientific literature through February 2001 and by Adami
et al. (1995), which reviewed the literature until
1993. A general conclusion of these reviews was
that currently available studies do not support
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the view that DDE increases the risk of breast
cancer in humans (Fig. 2.1). [Many of the studies
included in the available meta-analyses adjusted
for common risk factors, such as age, BMI,
family history of breast cancer, but few adjusted
for breast feeding and diet, both of which have
been related to DDT/DDE body burden. The
Working Group concluded that adjustment for
DDE in assessments of the risk of cancer associated with DDT is generally inappropriate because
the practice produces variable effects on the risk
estimate, depending on whether the exposure
was from DDE in the diet or from DDT directly
from application or manufacturing. Moreover,
the age at exposure to chemicals such as DDE
seems to be an important modifier in explaining
the relationship between exposure and the risk of
disease, for example, Cohn et al. (2007) reported
that DDT was primarily associated with breast
cancer in women potentially exposed before age
14 years. Unexamined variations in DDT metabolizing enzymes may also be an important determinant of increased risk of breast cancer.]

2.2.2 Lympho-haematopoietic cancers
See Table 2.8
Case–control studies of exposure to DDT and
risk of lymphoma and leukaemia are grouped here
by method of exposure assessment according to
whether exposure was estimated from measurements in biological samples or by questionnaire
or environmental monitoring. It should be noted
that interpretation of the published literature
was complicated by the change over time in the
classification and coding systems for NHL and
its subtypes.
(a)

Studies based on biological samples

The hypothesis of immune system disturbances in modulating DDT-related risk of NHL,
previously examined in relation to concurrent
allergic conditions, was explored in three small
Swedish case–control studies that measured the

Epstein-Barr virus (EBV) early antigen (EBV EA)
titre along with the lipid-adjusted plasma concentration of PCBs and organochlorines, including
p,p′-DDE. The risk of hairy cell leukaemia was
6.6-fold (95% CI, 1.3–41.6) among subjects with
above median plasma levels of p,p′-DDE and with
an EBV EA titre above 40, while no association
was observed in the overall study population (OR,
0.6; 95% CI, 0.2–1.5) (Nordström et al., 2000).
Similar results with respect to EBV EA were
observed for total NHL in two further small
studies by the same group (Hardell et al., 2001,
2009). For B-cell lymphoma subtypes, increased
risk was associated with above median p,p′-DDE
levels, independent of the EBV EA titre, for
diffuse large B-cell lymphoma (OR, 2.8; 95% CI,
1.1–6.7), but not follicular lymphoma (Hardell
et al., 2009). [While these studies highlighted the
possible interaction between DDT body burden
and immune factors, their small size and the
heterogeneity of the exposure indicator in one
study, limited the interpretation of the findings.]
A population survey on pesticide exposure was conducted in the USA by the EPA in
1970–87, during which organochlorine measurements were made in adipose tissue samples
from surgical procedures or autopsy in a stratified random sample of the United States population. From the resulting database, 175 people
with NHL and pesticide measurements were
identified and matched by age, sex, hospital, and
race to 481 control individuals in the database
with diagnoses of myocardial infarction or accidental injury, but no cancer diagnosis (Quintana
et al., 2004). DDT and DDE adipose tissue levels
above the fourth quartile were associated with
an increase in risk of NHL, which was non-significant for DDT (OR, 1.39; 95% CI, 0.78–2.47)
and significant for DDE (OR, 1.99; 95% CI,
1.14–3.47). Although the trends were significant
in both instances, risks below the upper quartile were near or below unity. [Organochlorines
were measured post mortem or after diagnosis,
which limited the interpretation. No further
125

IARC MONOGRAPHS – 113
information was available on conditions possibly
associated with DDT and DDE body burden,
apart from age, sex, geographical region of the
patient’s hospital, and race.]
De Roos et al. (2005) conducted a case–control
study in four areas of the USA, including Iowa,
Los Angeles County, and the cities of Chicago
and Seattle, in 1998–2000, with 100 cases identified through the Surveillance, Epidemiology,
and End results Program (SEER) cancer registries, and 100 population controls. Study subjects
donated a blood sample before treatment was
initiated and plasma samples were tested for 40
PCB congeners, and 13 OCPs. After adjusting by
sex, study site, date of birth, and date of blood
draw, risk of NHL did not increase with increasing
quartile of plasma concentration of DDT (ORs,
1, 1.12, 1.02, 1.2, respectively; P = 0.75) or DDE
(ORs, 1, 0.64, 0.33, 0.85, respectively; P = 0.74).
No analysis was conducted for the individual
lymphoma subtypes.
A similar design was applied in a population-based study of 422 NHL cases and 460
controls in British Columbia, Canada (Spinelli
et al., 2007). After adjusting by age, sex, study area,
education, family history of lympho-haematopoietic cancer, and ethnicity, risk of NHL showed
a significant upward trend with p,p′-DDE blood
concentration (P for trend, 0.027), although none
of the individual risk estimates was statistically
significant. Risk was mostly elevated for follicular lymphoma (OR, 1.8; 95% CI, 0.9–3.3), and
a group of “other B-cell lymphomas” excluding
follicular or diffuse large B-cell lymphoma
(OR, 1.8; 95% CI, 1.0–3.2). No association was
observed with DDT blood concentration (OR,
0.91; 95% CI, 0.68–1.20; for > 3.24 ng/g lipid).
[The Working Group noted that this was the
largest study of DDT and risk of NHL based on
biomarkers (blood levels of DDE); subjects with
> 10% body-weight loss before diagnosis were
excluded from the study. However, the timing of
blood draw, whether before or after treatment,
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might be reasons for caution in interpreting the
results.]
A multicentre European study of 174 NHL
cases and 203 controls (Cocco et al., 2008)
assessed exposure to 17 OCPs, including 6 DDT
isomers, and 9 PCBs, in blood plasma. Analyses
did not show an association between increasing
blood p,p′-DDE concentration and risk of all
NHL (P for trend, 0.48), or the subtypes, diffuse
large B-cell lymphoma (P for trend, 0.48) and
CLL (P for trend, 0.92), after adjusting by age, sex,
education, and study centre. Analyses limited to
subjects whose blood samples were taken before
treatment did not modify the risk estimates.
A small biomarker study was conducted in a
French area polluted by emissions from an incinerator (Viel et al., 2011). Lipid-adjusted DDT and
DDE serum concentrations were measured in 34
NHL cases and 1-to-1 matched blood donors: the
results showed a 3% increase in risk of NHL for
each 10 ng/g lipid increase in p,p′-DDE (95% CI,
0.99–1.08) and a 20% (95% CI, 1.01–1.45) increase
for a 10 ng/g increase in p,p′-DDT level. [The
Working Group noted that while the finding of
detectable DDT blood levels in the years when
this study was conducted was unexpected, the
small study size and the lack of adjustment for
the highly chlorinated organochlorines because
of incinerator location in this contaminated
area were reasons for caution in interpreting the
results. The choice of blood donors as controls
was a potential source of selection bias should
those individuals might not be representative of
the source population of the cases.]
(b)

Questionnaire-based studies

Early case–control studies of human exposure
to DDT took place in the late 1980s. Woods et al.
(1987) conducted a case–control study of 576 NHL
cases and 694 controls in Washington state, USA.
Exposure data were obtained by interview with
study participants or proxies, using a detailed
questionnaire including a section on pesticides.
Exposure assessment was supported by local

DDT
Fig. 2.1 Effect of p,p′-DDE on breast cancer risk from each study in a meta-analysis, according to
p,p′-DDE (ng/g) body burden levels
Wolff et al. (1993)
Krieger et al. (1994)
Hunter et al. (1997)
López-Carillo et al. (1997)
van't Vear et al. (1997)
Hoyer et al. (1998)
Moysich et al. (1998)
Dello Iacovo et al. (1999)
Dorgan et al. (1999)
Helzlsouer et al. (1999)a
Helzlsouer et al. (1999)b
Mendonca et al. (1999)
Zheng et al. (1999)
Aronson et al. (2000)
Demers et al. (2000)c
Demers et al. (2000)d
Hoyer et al. (2000b)
Millikan et al. (2000)
Romieu et al. (2000)
Stellman et al. (2000)
Wolff et al. (2000a)
Wolff et al. (2000b)
Zheng et al. (2000)
Laden et al. (2001b)

●
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0.25

0.5

0.75

1

OR

5

10

15

20

Biological samples taken in 1974.
Biological samples taken in 1989
c
Controls are population-based
d
Controls are clinically based
From López-Cervantes et al. (2004)
a

b

experts in forestry, wood products, and agricultural industries. After adjusting for age, ever
exposure to DDT was associated with increased
risk of NHL (OR, 1.82, 95% CI, 1.04–3.20). [No
trend was evaluated in this study.]
Occupational exposure to pesticides was also
considered in a population-based case–control
study of 121 Hodgkin lymphoma (HL) cases
and 948 controls in Kansas, USA (Hoar Zahm
et al., 1988). Information on use of insecticides,
including DDT, was obtained by questionnaire.
No association with the risk of HL was found for
ever use of insecticides, but no data were reported
for DDT, specifically.

Persson et al. (1989) interviewed 106 cases of
NHL and 54 cases of HL identified through the
register of patients diagnosed at the Department
of Oncology at Orebro Medical Centre Hospital,
Sweden, in 1964–1986, and still alive when the
study was conducted. Cases of T-cell lymphoma
and malignant histiocytosis were excluded.
Controls were a sample of 275 subjects who had
participated in earlier studies. Cases and controls
self-reported about a list of occupational exposures, which included DDT, which had lasted a
minimum of 1 year and occurred at least 5 years
before interview. No case of NHL nor the corresponding controls reported exposure, while
three cases of HL and three of their controls
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

Nordström
et al. (2000)
Sweden
1987–92

Cases: 54; national cancer
registry
Controls: 54; national
population registry,
matched for age, sex, &
county
Exposure assessment
method: biomarker; lipidadjusted concentrations
in plasma

NHL (hairy cell
leukaemia)

p,p′-DDE > median

0.6 (0.2–1.5)
9

Age, other
occupational
exposures, BMI

Strengths: based on
national population;
diagnoses validated by
the cancer registry
Limitations: small
sample size

Cases: 82; hospital
Controls: 83; hospital and
population register
Exposure assessment
method: biomarker;
OC concentrations in
abdominal fat or plasma

NHL

19
p,p′-DDE
above
median
& EBV
EA < 40
p,p′-DDE
above
median
& EBV
EA ≥ 40
44
17

Age, sex, BMI,
type of specimen

18

2.90 (0.93–9.70)

5

1.20 (0.23–7.80)

Strengths: assessment
by EBV EA status
Limitations:
small study size;
heterogeneous control
group and tissue
sampling material

p,p-DDE > median
& EBV EA > 80
p,p-DDE > median
& EBV EA ≤ 80

11

4.4 (0.96–26.0)

9

1.60 (0.41–6.70)

p,p′-DDE > median
& EBV EA > 80

7

1.80 (0.42–7.70)

Hardell et al.
(2001)
Sweden
1994–97

NHL (B-cell
lymphoma), low
grade

NHL (B-cell
lymphoma):
high grade

p,p′-DDE > median
p,p-DDE > median
& EBV EA ≤ 80
p,p-DDE > median
& EBV EA > 80
p,p-DDE > median
EBV EA ≤ 80

10

1.20 (0.60–2.50)
2.00 (0.64–6.50)
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Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

Hardell et al.
(2009)
Sweden
2000–2002

Cases: 99; hospitals in 4
health service regions
Controls: 99; population
registries in the same
regions, matched by age
& sex
Exposure assessment
method: biomarker; lipidadjusted concentration in
plasma
Cases: 175; NHL cases
from national database
of tissue samples with
pesticide measurements
Controls: 481;
ondividuals in the
database with diagnosis
of accidental injuries or
myocardal infarction
Exposure assessment
method: biomarker; OC
concentration in surgical
or autopsy fat tissue
samples

NHL

p,p′-DDE > median
p,p′-DDE > median
& EBVEA ≤ 40
p,p′-DDE > median
& EBVEA > 40
p,p′-DDE > median
p,p′-DDE > median

53
14

1.5 (0.8–2.9)
1.0 (0.4–2.7)

Age, sex, BMI

39

3.3 (1.4–7.7)

Strengths: populationbased; pathology review
Limitations: small
study size

10
24

1.2 (0.4–3.5)
2.8 (1.1–6.7)

Age, sex, race,
centre

Strengths: large
database; random
selection of subjects
independent of
diagnosis
Limitations: exposure
measurements post
mortem or post
diagnosis; limited
information on
potential confounders

Quintana et al.
(2004)
United States
1970–87

NHL (follicular)
NHL (DLBCL)

NHL

NHL

DDT (ppm)
< 0.55
58
0.55–0.92
34
0.93–1.56
38
> 1.56
45
Trend-test P value: 0.04
DDE (ppm)
< 2.40
48
2.40–4.38
24
4.39–7.21
38
> 7.21
65
Trend-test P value: 0.002

1.00
0.80 (0.47–1.35)
0.97 (0.56–1.70)
1.39 (0.78–2.47)

1
0.53 (0.29–0.96)
1.12 (0.64–1.98)
1.99 (1.14–3.47)

DDT
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

De Roos et al.
(2005)
Four states,
USA
1998–2000

Cases: 100; SEER
registries
Controls: 100; Medicare
records, random-digit
dialling, matched by age,
sex, race
Exposure assessment
method: biomarker; 36
PCB congeners & 14 OC
pesticides or metabolites
measured in plasma

NHL

Cases: 422; cancer
registry
Controls: 460; population
(client registry of
Ministry of Health)
Exposure assessment
method: lipid-adjusted
plasma of 14 PCBs and 11
OC pesticides

NHL

p,p′-DDT, ng/g lipids
≤ 3.7
18
> 3.7–5.9
23
> 5.9–9.9
32
> 9.9
27
Trend-test P value: 0.75
p,p′-DDE, ng/g lipids
≤ 254.5
35
> 254.5–450.5
25
> 450.5–872.5
11
> 872.5
29
Trend-test P value: 0.74
DDE, ng/g lipid

Spinelli et al.
(2007)
British
Columbia,
Canada
2000–2004

NHL

NHL (follicular)

NHL (DLBCL)

Exposed
cases/
deaths

> 134.41–263.91
84
> 263.91–512.02
100
> 512.02–18 898
121
Highest vs lowest
NR
quartile
Trend-test P value: 0.027
DDE, highest vs
NR
lowest quartile
Trend-test P value: 0.027
DDE, highest vs
NR
lowest quartile
Trend-test P value: 0.027

Risk estimate
(95% CI)

1.00
1.12 (0.33–3.84)
1.02 (0.35–2.99)
1.20 (0.39–3.70)

Covariates

Comments

Sex, study site,
birth date, date of
blood draw

OCs detected in 30% or
more study subjects
Strengths: good
statistical power;
availability of
pathology data;
information on large
number of possible
confounders.
Limitations: multiple
comparisons;
biomonitoring at the
time of diagnosis

Age, ethnicity,
BMI

Time of blood
collection not reported
Strengths: large study
size; exclusion of
subjects with weight
loss before diagnosis
Limitations: low
response among
controls

1.00
0.64 (0.28–1.43)
0.33 (0.14–0.80)
0.85 (0.37–1.94)

0.84 (0.56–1.25)
1.04 (0.70–1.56)
1.42 (0.92–2.19)
1.40 (0.90–2.20)

1.8 (0.9–3.3)

0.6 (0.2–1.5)

Age, sex, study
area, education,
family history
lymphopoietic
cancer, ethnicity,
BMI, farming
jobs
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Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign
Spinelli et al.
(2007)
British
Columbia,
Canada
2000–2004
(cont.)

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

NHL, other
histological type

DDE, highest vs
NR
lowest quartile
Trend-test P value: 0.027

1.8 (1.0–3.2)

DDT, above vs
133
below LOD
Trend-test P value: 0.491

0.91 (0.68–1.20)

DDT above vs
NR
below DL
Trend-test P value: 0.027
DDT
Above vs below
NR
LoD
Trend-test P value: 0.027
DDT
Above vs below
NR
LOD
Trend-test P value: 0.027
DDE
Highest vs lowest
NR
quartile
Trend-test P value: 0.027

1.0 (0.6–1.7)

Covariates

Comments

NHL

NHL (DLBCL)

NHL (T-cell)

NHL

NHL (follicular)

1.1 (0.6–2.1)

1.0 (0.7–1.5)

1.8 (0.9–3.3)

DDT
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Cocco et al.
(2008)
Spain, France,
Germany
1998–2004

Cases: 174; resident in
the referral area of the
participating centres
Controls: 203; population
controls in Germany;
hospital controls in Spain
and France
Exposure assessment
method: biomarker; no
difference in median
OC levels by pre/post
diagnostic sampling

NHL

ng/g lipid p,p′-DDE
395.0–791.02
36
791.03–1431.07
43
> 1431.08
56
Trend-test P value: 0.48
p,p′-DDE, ppb
395.0–791.02
8
791.03–1431.07
10
> 1431.08
14
Trend-test P value: 0.48
p,p′-DDE, ppb
395.0–791.02
7
791.03–1431.07
13
> 1431.08
20
Trend-test P value: 0.92
10 ng/g increment
DDE
NR
DDT
NR

Viel et al. (2011)
Besancon area,
France
2003–05

Cases: 34; hospital
Controls: 34; register of
blood donors, matched by
age, sex and date of blood
draw
Exposure assessment
method: questionnaire;
lipid-adjusted serum
measurements of OC

NHL (DLBCL)

NHL (SLL/CLL)

NHL

Exposed
cases/
deaths

Risk estimate
(95% CI)

0.8 (0.4–1.5)
0.9 (0.5–1.7)
1.2 (0.7–2.4)

Covariates

Comments

Age, sex,
education, study
site

Epilymph study
Strengths: Pathology
review.
Limitations: Limited
sample size; low
prevalence of exposure

NR

Strengths: incident
cases; well-defined
area, questionnaire
information was
available; pathology
was available
Limitations: small
study size; controls may
not be representative
of the base population;
adjustment by PCB not
considered

0.7 (0.3–2.0)
0.9 (0.4–2.6)
1.3 (0.5–3.6)

0.4 (0.1–1.1)
0.6 (0.2–1.5)
1.0 (0.4–2.5)

1.03 (0.99–1.08)
1.20 (1.01–1.45)
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Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Woods et al.
(1987)
Washington
State, USA
1981–1984

Cases: 576; populationbased cancer registry
Controls: 694; randomdigit dialling and social
security records
Exposure assessment
method: questionnaire

NHL

Ever DDT

NR

1.82 (1.04–3.20)

Age

Persson et al.
(1989)
Sweden
1964–86

Cases: 160 (106 NHL, 54
HL); hospital
Controls: 275; population
Exposure assessment
method: questionnaire;
minimum duration of
exposure, 1 yr; minimum
latency, 5 yrs

NHL

Ever DDT

0

0

HL

Ever DDT

3

7.5 (0.8–70.0)

Flodin et al.
(1988)
Sweden
1975–84

Cases: 111; 5 hospitals
Controls: 431; population
Exposure assessment
method: postal
questionnaire; minimum
exposure duration, 1 yr;
minimum latency, 5 yrs

NHL (CLL)

Ever contact with
DDT

6

6 (1.5–23)

Comments

Strengths: large study
size
Limitations: multiple
co-exposures; no
trends evaluated;
non consideration of
confounders other than
age
Age, sex, farming, Malignant histiocytosis
fresh wood
and T-cell lymphoma
were excluded
Strengths: pathology
was available
Limitations: small size;
only surviving cases
included; reliance on
self-reported exposure
information
Age, sex, other
Strengths: clinically
occupational
and cytologically
exposures
confirmed diagnoses
Limitations: small
size; only living cases
included; reliance on
self-report

DDT
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Eriksson &
Karlsson (1992)
Sweden
1982–86

Cases: 256; national
cancer registry
Controls: 256; national
population registry, or
national death registry
of the causes of death,
matched by age, sex, vital
status, and county
Exposure assessment
method: postal
questionnaire with
telephone interview for
subjects reporting farm
work
Cases: 578; tumour
registry (Iowa) and
hospital records
(Minnesota)
Controls: 1245;
population, matched by
age, vital status and state
Exposure assessment
method: detailed
questionnaires with
supplemental interview
on pesticide exposure

MM

Days exposed to DDT
Ever exposed
53
Ever exposed,
NR
farming
and forestry
occupations only
≤ 5 days
NR
6–20 days
NR
≥ 21 days
NR

Brown et al.
(1990)
USA (Iowa and
Minnesota)
1980–1983

Leukaemia

DDT days/yr
Ever use of DDT in
crops
1–4 days/yr
5–9
10+
Ever use of DDT in
animal breeding
1–4 days/yr
5–9
10+

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

Co-exposures

Prevalence of exposure
to DDT was unusually
high
Strengths: cases
validated from cancer
registry
Limitations:
overlapping exposures
not considered;
self-administered
questionnaires

Vital status, age,
state, tobacco use,
family history
lymphopoietic
cancer, high-risk
occupations,
high-risk
exposures other
than farming

Strengths: large size –
pathology review.
Limitations: overlap
with exposure to other
pesticides; self-report

1.75 [1.07–2.86]
1.86 [0.92–3.75]

1.08 [0.35–3.37]
1.54 [0.77–3.10]
1.61 [0.53–4.93]

35

1.2 (0.7–1.8)

7
8
5
80

0.7 (0.3–1.8)
2.4 (0.9–6.4)
1.0 (0.3–2.8)
1.3 (1.0–1.8)

7
7
21

0.6 (0.3–1.4)
1.1 (0.4–2.7)
2.1 (1.1–3.9)
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Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign
Cantor et al.
(1992)
USA (Iowa &
Minnesota)
1980–83

Population size,
description, exposure
assessment method

Cases: 622; Iowa
state health registry,
Minnesota hospital and
pathology records
Controls: 1245;
population
Exposure assessment
method: questionnaire;
self report based on
pesticide list
Baris et al.
Cases: 993; cancer
(1998)
registry (Iowa & Kansas),
USA (Nebraska, hospitals and special
Iowa,
surveillance (Nebraska &
Minnesota,
Minnesota)
Kansas)
Controls: 2918;
1983–1986
population, matched by
state, race, sex, age and
vital status
Exposure assessment
method: questionnaire;
telephone or in-person
interview

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

NHL

Ever use in animals
Ever use in animals
before 1965
Ever use in crops
Ever use in crops
before 1965

79
68

1.2 (0.9–1.7)
1.3 (0.9–1.8)

57
45

1.7 (1.2–2.6)
1.8 (1.1–2.7)

Strengths: good
statistical power;
availability of
pathological
information
Limitations: multiple
exposures; reliance on
self-report

161
36
31
29
39
12
11
161

1.2 (1.0–1.6)
1.1 (0.7–1.6)
1.4 (0.8–2.2)
1.1 (0.6–1.9)
1.5 (0.9–2.3)
1.0 (0.5–2.1)
2.1 (0.9–4.9)
0.9 (0.4–1.8)

Vital status, age,
state, cigarette
smoking,
family history
of lymphohaematopoietic
cancer, high-risk
occupations,
high-risk
exposures
Age, state of
residence,
respondent type
(proxy/direct)

36

0.9 (0.4–2.0)

31

1.0 (0.4–2.5)

29

0.9 (0.4–2.3)

39

1.2 (0.5–2.8)

NHL

Use of DDT
Ever
1–4 yrs
5–9 yrs
10–14 yrs
≥ 15 yrs
≤ 5 days/yr
> 5 days/yr
Ever, adjusted for
2,4-D & OPs
1–4 yrs, adjusted
for 2,4-D & OPs
5–9 yrs adjusted for
2,4-D & OPs
10–14 yrs adjusted
for 2,4-D & OPs
≥ 15 yrs adjusted
for 2,4-D & OPs

Pooled analysis of
four case–control
studies; men only; some
states excluded from
exposure–response
analyses
Strengths: large size;
pathology review;
exposure–response
analysis
Limitations: self-report;
high proportion of
proxy respondents,
particularly among
controls

DDT
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

De Roos et al.
(2003)
Midwestern
USA
1979–86

Cases: 870; records
of health registry,
hospitals and pathology
laboratories
Controls: 2569;
population controls from
random-digit dialling
and Medicare records
Exposure assessment
method: questionnaire;
self report based on a list
Cases: 26; family
physicians and pathology
registers
Controls: 74; other
cancers, excluding sites
associated with farm
work
Exposure assessment
method: JEM; support
from an agronomist
Cases: 61; ll incident cases
of NHL and CLL in the
study area
Controls: 217; general
population matched
to cases by sex and age
group
Exposure assessment
method: JEM;
questionnaire and crop–
exposure matrices

NHL (200, 202)

Ever exposure to
DDT

98

1.0 (0.7–1.3)

Age, study
site, use of any
pesticide in a list

Ever exposed to
DDT only
Ever exposed
to DDT and
chlordane

68

0.9 (0.6–1.3)

30

1.7 (0.7–3.2)

Strengths: study size
control for confounders
assessment of multiple
exposures
Limitations: multiple
comparisons, reliance
on self-report,
weakness in the
exposure assessment

Lymphatic and
haematopoetic

Ever exposed to
DDT

7

4.18 (1.04–16.76) Age, sex,
respondent type
(proxy/direct),
smoking

Multiple exposure to
different pesticides
Strengths: detailed
exposure assessment
Limitations: extremely
small study size

NHL (CLL)

DDT
Ever used (recall)
Ever used (JEM)
1 kg cumulative
dose

27
28
5

1.74 (0.93–3.27)
1.70 (0.91–3.17)
1.22 (0.95–1.57)

Sex, age,
family history
lymphopoietic
cancer, farming,
herpes zoster,
altitude

Strengths: pathological
classification; more
detailed exposure
assessment
Limitations: small
size; number and type
of controls is unclear;
outdated classification
of lymphoma; no
results presented
for exposure in crop
farming without
animal breeding

Assennato et al.
(1995)
Apulia, Italy
1987–89

Nanni et al.
(1996)
Forli, Italy
1987–90
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Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Exposure category
or level

McDuffie et al.
(2001)
Canada (six
provinces)
1991–1994

Cases:
517; Cancer registries and
hospitals
Controls: 1506; health
insurance and voting
records, matched by age
& province
Exposure assessment
method: postal
questionnaire with
telephone follow-up on
pesticides
Cases: 513; cancer
registries & hospitals
Controls: 1506;
population
Exposure assessment
method: questionnaire;
see McDuffie et al. (2001)

NHL

Use of DDT
10+ hours/yr
1–2 days/yr
3+ days/yr

Pahwa et al.
(2012)
Six provinces,
Canada
1991–94

NHL

Use of DDT
Ever
Ever, no asthma,
allergy or hay fever
Ever, with asthma,
allergy or hay fever

Exposed
cases/
deaths

Risk estimate
(95% CI)

32
18
14

1.73 (1.08–2.76)
1.75 (0.96–3.21)
1.50 (0.77–2.91)

33
18

1.69 (1.07–2.67)
1.31 (0.73–2.36)

15

2.53 (1.17–5.47)

Covariates

Comments

Age, province
of residence,
family history
lymphopoietic
cancer, medical
history

Strengths: large size;
pathology review.
Limitations: selfreported exposure; low
response rate; multiple
comparisons

Age, province
of residence,
respondent
type (proxy/
direct), diesel oil
exposure

Same population as
McDuffie et al. (2001)
Strengths: analysis
by concurrent
immunological
conditions; large size;
pathology available
Limitations: unknown
proportion of refusals
to participate; use of a
postal questionnaire;
lack of control for
exposure to other
pesticides

DDT
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Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Cocco et al.
(2013)
Six European
centres
1998–2003

Cases: 2348; residents
NHL (B-cell
in the referral area of
lymphoma)
participating centres
Controls: 2462;
population and hospital
controls
Exposure assessment
method: expert
assessment; crop–
exposure matrix
Cases: 603; cancer
NHL
registries
Controls: 443;
population, frequencymatched on age, sex, race,
and centre
Exposure assessment
method: environmental
monitoring; vacuum
sample of household
carpet dust; measurement
of DDT and derivatives,
PCBs and other OC
insecticides

Colt et al.
(2005)
USA (Iowa,
Los Angeles,
Detroit and
Seattle)
1998–2000

Organ site
(ICD-O)

NHL (follicular)
NHL (DLBCL)
NHL (T-cell)
Lymphatic and
hematopoetic

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

Ever exposed to
DDT

3

1.2 (0.2–5.9)

Age, sex,
education, study
site

Strengths: large study
size; pathology review;
detailed exposure
assessment
Limitations: low
prevalence of exposure
to individual chemicals

Age, study site,
education, sex

Strengths: study size;
objective exposure
measurements
Limitations: other
occupational and
environmental (nonousehold) sources
of exposure not
considered

DDE, 1 ng/g
< LOD
304
> LOD
299
20.8–34.9
94
35–55.9
83
56–2450
122
Trend-test P value: 0.02
DDT, 1 ng/g
< LOD
197
> LOD
406
20.8–98.7
124
98.8–248
111
248.1–24 600
170
Trend-test P value: 0.09
DDE > LOD
156
DDT > LOD
156
DDE > LOD
189
DDT > LOD
189
DDE > LOD
36
DDT > LOD
36
DDE > LOD
206
DDT > LOD
206

1.0
1.3 (1.0–1.7)
1.3 (0.8–1.8)
1.1 (0.7–1.6)
1.6 (1.1–2.2)

1.0
0.9 (0.7–1.2)
0.8 (0.6–1.2)
0.8 (0.5–1.1)
1.2 (0.8–1.6)
1.3 (0.9–2.0)
1.0 (0.7–1.6)
1.3 (0.9–1.9)
0.8 (0.5–1.1)
2.6 (1.3–5.4)
2.8 (1.1–7.1)
1.2 (0.8–1.6)
0.8 (0.5–1.1)
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Table 2.8 (continued)

Table 2.8 (continued)
Reference,
location
follow-up/
enrolment
period, studydesign

Population size,
description, exposure
assessment method

Organ site
(ICD-O)

Ward et al.
(2009)
USA
(California)
2001–06

Cases: 184; paediatric
Leukaemia
clinical centres
(childhood ALL)
Controls: 212; birth
certificate registries,
individually matched on
age, sex, race, Hispanic
ethnicity, and maternal
residence
Exposure assessment
method: environmental
monitoring; vacuum
sample of household
carpet dust; measurement
of DDT and derivatives,
PCBs and other OC
insecticides

Exposure category
or level

ng/g dust
DDE > LOD
detection limit
2.0–9.4
9.4–21.7
21.7–850.4

Exposed
cases/
deaths

Risk estimate
(95% CI)
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0.87 (0.51–1.50)

38
59
48

0.74 (0.39–1.41)
1.08 (0.58–2.02)
0.83 (0.43–1.59)

Covariates

Comments

Age, sex, race,
family income,
year of enrolment

Strengths:
pathology available;
comprehensive
recruitment of cases;
high participation rate;
objective measurement
of exposure
Limitations: other
parental, occupational
sources of exposure
not considered; carpet
dust measurements
were missing for 10%
of cases and 15% of
controls

ALL, acute lymphoblastic/lymphocytic leukaemia; BBD, benign breast disease; BMI, body-mass index; CI, confidence interval; CLL, chronic lymphocytic leukaemia; DDE,
dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; DLBCL, diffuse large B-cell lymphoma; EBV, Epstein-Barr virus; EBV EA, Epstein-Barr virus early antigen;
ER, estrogen receptor; FFTP, first full-term pregnancy; GC, gas chromatography; HRT, hormone replacement therapy; HL, Hodgkin lymphoma; JEM, job–exposure matrix; LOD, limit
of detection; MM, multiple myeloma; NR, not reported; OC, organochlorine; OPs, organophosphates; PCB, polychlorinated biphenyl; SLL, small lymphocytic lymphoma; vs, versus; yr,
year

DDT
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did, resulting in non-significant although large
excess risk in a multivariate analysis (OR, 7.5;
95% CI, 0.8–70).
Another study in Sweden focused on CLL,
comparing 111 CLL cases identified in five hospitals in central and southern Sweden with 431
population controls from the same catchment
areas. Exposures were assessed by postal questionnaire. Based on six cases, ever exposure to
DDT was associated with a sixfold risk of CLL
(95% CI, 1.5–23), after adjusting by age, sex,
and other occupational exposures (Flodin et al.,
1988).
A third study in Sweden, conducted in
1982–1986, focused on occupational and environmental risk factors for multiple myeloma
(Eriksson & Karlsson, 1992). Cases were 256
patients with multiple myeloma who were identified through the Swedish cancer registry, individually matched by age, sex, vital status, and
county to 256 controls selected from population registries or mortality registries. Exposure
to DDT and other occupational exposures was
assessed by mailed questionnaire, followed by a
second in-person interview for subjects working
on a farm or in other occupations potentially
involving pesticides. Risk of multiple myeloma
increased monotonically up to 1.6-fold with
highest category of days of contact with DDT
[95% CI, 0.53–4.93], although none of the individual risk estimates was statistically significant. When restricting the analysis to subjects
working in agriculture or forestry, the risk was
1.86[(95% CI, 0.92–3.75). [The prevalence of
farm work and exposure to DDT in this study
population was unexpectedly high (farm work,
44%; ever exposure to DDT, about 12% among
controls); a large proportion of interviews were
conducted with next of kin; 90% confidence
intervals of risk estimates were reported; a list of
overlapping exposures, including phenoxy acids
and livestock were evaluated individually, but no
reciprocal adjustment was sought.]
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[The Working Group considered that results
from this group of studies were difficult to interpret as they were severely underpowered, referred
to different pathological entities, and were further
limited by the methodological concerns illustrated in preceding Working Group comments.]
Brown et al. (1990) included 578 cases of
leukaemia identified from the Iowa, USA cancer
registry and from hospital records in Minnesota
between 1980 and 1983, and 1245 population
controls matched by age, vital status, and state.
All types of leukaemia, whether myeloid or
lymphatic, acute or chronic, were included.
Exposures were assessed by in-person interview, with a supplemental telephone interview
concerning reported pesticide exposures. Risk of
all leukaemia combined did not show a consistent
trend when use of DDT in crop farming was
considered; however, risk associated with the
highest category of frequency of use (10+ days/
year) was twofold (95% CI, 1.1–3.9) for DDT use
in raising livestock. No substantial changes in the
risk estimates were observed when a 20-year lag
was applied to define exposure; risk was consistently elevated for both CLL or chronic myeloid
leukaemia. [Interpretation was complicated by
multiple exposures. Information was obtained
by self-report or indirectly from next-of-kin in
a substantial proportion of cases and controls.]
Another case–control study was conducted
in the early 1980s in Iowa and Minnesota, USA,
and included 622 NHL cases and 1245 controls
(Cantor et al., 1992). This study evaluated the risk
of NHL associated with ever exposure to DDT
whether in disinfecting animals, or in crops, and
whether occurring before 1965 or thereafter. The
exposure assessment methods were similar to
those used by Brown et al. (1990) with detailed
questions on pesticide use. Regardless of whether
exposure occurred before 1965 or thereafter,
after adjusting by vital status, age, state, cigarette
smoking, family history of lympho-haemopoietic
cancer, high-risk occupations, and high-risk
exposures, ever use of DDT on animals was

DDT
associated with a weak increase in risk, while
there was a stronger association with ever use
on crops (OR, 1.7; 95% CI, 1.2–2.6; for any use).
[Information was indirectly obtained by nextof-kin for a substantial proportion of cases and
controls.]
A pooled analysis of case–control studies on
NHL conducted in the 1980s in four states in the
USA (Baris et al., 1998) included the study by
Cantor et al. (1992), and consisted of 993 histologically confirmed NHL cases and 2918 population controls, in part selected from mortality
files, frequency-matched to cases by race, age,
sex, and vital status at the time of interview. Nextof-kin interviews accounted for 32% of cases and
40% of the controls. Risk of NHL increased with
days/year of use up to 2.1-fold (95% CI, 0.9–4.9)
for the highest category (>5 days/year), However,
when adjusting by exposure to 2,4-D and organophosphates, no increase in risk was observed
for ever exposure (OR, 0.9; 95% CI, 0.4–1.8) and
the dose–response curve was flattened (OR, 0.7;
95% CI, 0.0–15.0; for > 5 days/year). [This was the
largest and most informative case–control study
on NHL and occupational exposure to DDT, but
information was indirectly obtained from nextof-kin in a substantial proportion of cases and
controls.] A further analysis of the same data set
was published in 2003 (De Roos et al., 2003), and
included ever use of a list of 47 insecticides and
herbicides. Any subject with missing information on any of the 47 pesticides was dropped from
the analysis, and for the most frequently used
pesticides, adjustments were made for multiple
exposure using conventional and hierarchical
logistic regression. Ever exposure to DDT was
not associated with an increase in risk of NHL
(OR, 1.0; 95% CI, 0.7–1.3), nor was reported use
of DDT only (OR, 0.9; 95% CI, 0.6–1.3); however,
a non-significant increase in risk was observed
for the combined use of DDT and chlordane
(OR, 1.7; 95% CI, 0.7–3.2; in conventional logistic
regression).

In a small study in Italy that included 26 NHL
cases and 74 controls, and was based partially
on proxy interviews, ever exposure to DDT was
attributed in seven cases using a crop–exposure
matrix supported by a consultant agronomist
(Assennato et al., 1995). The resulting odds ratio
for exposure to DDT was increased more than
fourfold (95% CI, 1.04–16.76).
In another small study in Italy (Nanni
et al., 1996), cases of NHL and CLL combined
(n = 61) and controls who were raising livestock
were selected. The underlying hypothesis was
that using insecticides in livestock might have
involved higher exposure levels. Within this
category, the authors explored risk associated
with ever exposure to DDT using two strategies: self-report or using a job–exposure matrix
(JEM). Either way, an approximate excess risk of
70% was observed when all NHL subtypes were
combined with CLL (for the JEM: OR, 1.70; 95%
CI, 0.91–3.17; for recall: 1.74 (95% CI, 0.93–3.27).
When the analysis was limited to low-grade NHL
combined with CLL, risks were elevated (based on
JEM: OR, 2.16; 95% CI, 0.86–5.43; and based on
the subjects’ recall: OR, 2.33; 95% CI, 0.93–5.85).
However, when calculating lifetime cumulative
exposure, the excess risk among subjects with a
cumulative exposure to ≥ 1 kg of DDT was 22%
in respect to subjects with a lower cumulative
exposure (OR, 1.22; 95% CI, 0.95–1.57). [This
study used a more detailed exposure assessment,
but the number and type of controls was unclear,
the classification of lymphomas was outdated,
and precision was limited.]
Risk of NHL risk related to exposure to DDT
was also explored in a study in Canada that
covered six provinces and gathered questionnaire data from 517 cases and 1506 population
controls (Mc Duffie et al., 2001). Exposure to
pesticides was assessed by questionnaire and
detailed telephone interview with subjects who
reported any exposure. More than 16% of cases
and 12% of controls reported exposure to five or
more chemicals, and it was mostly occasional,
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with the highest exposure frequency set at
≥ 3 days/year and a median of 10 hours/year.
DDT exposure above the median was associated with a significant increase in risk of NHL
(OR, 1.73; 95% CI, 1.08–2.76), but risk did not
increase by categories of exposure frequency. A
subsequent analysis of the same data set explored
the effect modification by concurrent asthma,
allergy, or hay fever on the association between
ever exposure to DDT and risk of NHL (Pahwa
et al., 2012). The results showed that the excess
risk associated with ever exposure to DDT was
concentrated among subjects with a concurrent
allergic condition (OR, 2.53; 95% CI, 1.17–5.47),
while there was no association among those who
did not report such conditions. [Major reasons
for concern in interpreting findings from this
study included reliance on self-reported exposures and a low response rate.]
DDT was evaluated in relation to overall
lymphoma (including all B-cell and T-cell
subtypes and HL) in a multicentre case–
control study in six European countries (Cocco
et al., 2013). Exposure to pesticides was estimated
using a crop–exposure matrix and occupational
histories collected by interview, which included
a detailed questionnaire specific for the agricultural work. Data for DDT were reported only
with respect to B-cell lymphoma. The prevalence of ever exposure to DDT was extremely
low (about 0.01%) and the associated risk for all
B-cell lymphomas was not elevated (OR, 1.2; 95%
CI, 0.2–5.9).
(c)

Environmental monitoring-based studies

Two studies in the USA examined environmental exposure to DDT by using a vacuum to
sample carpet dust in the household of the study
subjects (Colt et al., 2005; Ward et al., 2009). One
study examined associations between organochlorines and NHL in adults in four areas
covered by the SEER programme of the United
States National Cancer Institute in 1998–2000
(Colt et al., 2005). The second study, conducted
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in northern and central California in 2001–2006,
investigated associations between childhood
leukaemia and PCBs and OCPs (Ward et al.,
2009). Although both studies collected data more
than 30 years after use of DDT was discontinued
in the USA, the SEER study was characterized by
an elevated frequency of detection of DDT in the
carpet dust (cases, 67%; controls, 71%), that was
higher than its major and most persistent derivative, DDE (cases, 50%; controls, 44%). A significant upward trend in risk of NHL was associated
with DDE concentration in the carpet dust (P
for trend, 0.02). There was no trend for DDT
(P for trend, 0.09). In the analysis by individual
NHL subtype, risk associated with DDE and
DDT concentrations above the limit of detection
was highest for T-cell lymphoma (ORs: 2.6; 95%
1.3–5.4; and 2.8; 95% CI, 1.1–7.1; respectively),
while a non-significant 30% excess risk associated with DDE concentrations above the limit
of detection was also observed for diffuse large
B-cell lymphoma (OR, 1.3; 95% CI, 0.9–1.9) and
follicular lymphoma (OR, 1.3; 95% CI, 0.9–2.0).
[The Working Group noted that in this study
risks were adjusted by age, sex, study site, and
education, but not by occupation or rural/urban
residence, which might have helped to discriminate possible alternative sources of the observed
excess risk. In addition, it was not clear how
DDT concentrations in carpet dust related to
individual exposure in the etiologically relevant
period.]
In a similar study of childhood leukaemia in
California (Ward et al., 2009), which included
family income and year of recruitment among
the adjusting covariates, and used geographical
mapping of rural areas and crops around the
residence of study subjects, DDT was detected
in 57% of dust samples, and DDE was detected
in 82%. However, risk did not increase with
increasing level of DDE (P for trend, 0.794), or
DDT (P for trend, 0.709) in the carpet dust.

DDT
(d)

Meta-analyses

Numerous meta-analyses and pooled analyses have evaluated associations between cancer
risk and farmers’ or farmworkers’ occupational
exposures to pesticides, but only one of these
(Schinasi & Leon, 2014) examined associations
of specific pesticides with NHL.
In that meta-analysis, Schinasi & Leon (2014),
44 papers published after 1980, with information
about 21 pesticide chemical groups and 80 active
ingredients were evaluated. [The Working Group
noted that all of the reported results were from
high-income countries.] Meta-risk ratio (meta
RR) estimates and 95% confidence intervals using
random effect models were computed, allowing
between-study heterogeneity to contribute to
the variance, and I2 values, which represent the
percentage of the total variance explained by
study heterogeneity, and measures of inconsistency between studies were reported. Confidence
limit ratios (CLRs, the ratio of the upper to the
lower CI limits) were also reported as an indicator of precision. Sensitivity analyses were
conducted to evaluate the robustness of results
by potential sources of heterogeneity including
study design, sex, geographical area, decade of
cancer diagnosis, and source of the controls in
the case–control studies
Seven papers contributed to the meta-analysis
of DDT (Woods et al., 1987; Persson et al., 1993;
Baris et al., 1998; Hardell et al., 2002; Purdue
et al., 2007; Eriksson et al., 2008; Pahwa et al.,
2012). The meta RR estimate for DDT with NHL
overall was 1.3 (95% CI, 1.1–1.5; I2 = 0%). The
association with NHL subtypes was 1.4 (95%
CI, 1.0–1.5) for B-cell lymphoma; 1.2 (95% CI,
0.9–1.7) for diffuse large B-cell lymphoma; and
1.5 (95% CI, 1.0–2.4) for follicular lymphoma
(Schinasi & Leon, 2014).
[The Working Group noted that most of the
available studies were on NHL overall and not
NHL subtypes. Since NHL subtypes are believed
to be etiologically heterogeneous, the lack of

subtype-specific analyses in many of the previously published studies may be masking important associations in the available meta-analyses.
Since the definition of NHL has changed over
time, care must also be exercised in comparing
findings from studies using older definitions
of NHL with more recent studies based on the
current understanding of NHL. The definition of NHL used by the SEER coding scheme
is now based on the Pathology Working Group
of the International Lymphoma Epidemiology
Consortium (ICD-O-3 Interlymph modification) (Morton et al., 2007).]

2.2.3 Cancer of the prostate
See Table 2.9
In two studies on cancer of the prostate, exposure to DDT from agricultural work was assessed
by experts or by means of JEM. These studies on
occupational exposure are described first.
Settimi et al. (2003) investigated risk of
cancer of the prostate in relation to exposure to
pesticides in five areas in Italy using data from
a hospital-based case–control study carried out
between 1990 and 1992. The case group was
composed of 124 patients with prostate cancer.
The control group included 659 patients with
other cancers. Exposure to 217 different pesticides, including DDT, was assessed by a team of
agronomists using data obtained from crop-specific forms collected from subjects engaged in
agricultural work, national statistics on pesticide
use, supplier’s records, and personal experience.
Men ever exposed to DDT had an odds ratio for
prostate cancer of 2.1 (95% CI, 1.2–3.8). Odds
ratios in men exposed to DDT for ≤ 15 years or
> 15 years were 2.1 (95% CI, 0.9–2.1) and 2.2 (95%
CI, 1.1–4.8), respectively. [The Working Group
noted the low specificity of exposure assessment,
and that selection of controls with other cancers
may have biased risk estimates.]
Band et al. (2011) conducted a case–control
study on cancer of the prostate in British
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Columbia, Canada. Cases were patients with
prostate cancer ascertained by the population-based British Columbia cancer registry for
the years 1983–1990 (n = 1153). Controls were
patients with cancers at all other sites excluding
lung and unknown primary (n = 3999), matched
to the cases on year of birth and year of diagnosis. Information on lifetime job description,
occupation, and industry titles, location, duration and time period of work, as well as alcohol
and tobacco consumption was obtained from
a self-administered questionnaire. Farmers’
exposure to 180 pesticides was assessed using
a JEM based on region, crop, task, and job
title. Exposures via pesticide application were
quantified using estimates derived from the
North American Pesticide Handlers Exposure
Database. A significant association was reported
between prostate cancer and exposure to DDT
(OR, 1.68; 95% CI, 1.04–2.70 for high-level exposure with reference to the unexposed group), with
a dose–response trend (P for trend, 0.03). [This
was a large case–control study. The use of a JEM
for assessing exposure may have led to exposure
misclassification, but exposure indicators were
calculated over the lifetime.]
Several other studies reported on associations
between cancer of the prostate and exposure to
DDT and its derivatives as measured in biological samples. Ritchie et al. (2003) examined the
relationship between serum concentrations of
OCPs and prostate cancer in a population-based
case–control study in Iowa, USA. Cases were 58
men diagnosed with prostate cancer between
May 2000 and May 2001 who were enrolled at a
university hospital and a smaller urology clinic.
Controls were 99 men who received physical
check-ups in the hospital. Concentrations of
48 organochlorinated compounds including
p,pʹ-DDE and p,pʹ-DDT were measured in serum
samples. Since the detection rate of p,pʹ-DDT was
close to 0%, only p,pʹ-DDE (detection rate, > 99%)
was investigated in relation to risk of prostate
cancer. The odds ratio for p,pʹ-DDE in the highest
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exposure tertile when compared with the lowest
was 1.08 (95% CI, 0.47–2.50). [This study was the
first to investigate prostate cancer and biological
measurements of organochlorine compounds,
and was based on very small numbers of cases
and controls.]
In another hospital-based case–control study
on cancer of the prostate conducted at Örebro
University hospital, Sweden, Hardell et al. (2006a)
measured the levels of several chlorinated and
brominated pollutants, including p,pʹ-DDE, in
adipose tissue biopsy from the abdominal wall
taken during surgery for 57 cases diagnosed
with prostate cancer in 1997–1999, and 20
controls undergoing transurethral resection for
benign hyperplasia. The odds ratio for prostate
cancer among men with p,pʹ-DDE levels above
the median was 2.30 (95% CI, 0.77–6.85). [The
sample size of the study was small and choice of
controls may have led to selection bias.]
Aronson et al. (2010) reported the results
of a case–control study of cancer of the prostate in patients who had visited any of a group
of five urologists in Kingston, Ontario, Canada,
between 1997 and 1999. Cases were selected
from men diagnosed with incident primary
cancer of the prostate at biopsy (n = 79). A group
of urological controls (n = 194) included men
with non-cancerous urological disease (erectile
dysfunction, prostatitis, benign prostate hyperplasia, haematospermia/haematuria, urinary
obstruction/pain/ infection etc.), and a group
of biopsy controls (n = 135) included men in
whom no prostate cancer was detected at biopsy.
Concentrations of 14 PCB congeners and 13
pesticides were measured in blood plasma. Odds
ratios for p,pʹ-DDE and p,pʹ-DDT comparing the
highest exposure tertile to the lowest were 0.73
(95% CI, 0.38–1.40) and 1.05 (0.55–2.00), respectively, indicating no association between risk of
cancer and blood exposure levels at diagnosis.
Results based on the urology control group only
were similar. [This was a small study with limited
statistical power to detect associations.]

Table 2.9 Case–control studies on cancer of the prostate and exposure to DDT and its metabolites
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Settimi et al.
(2003)
Italy (4 areas)
1990–1992

Cases: 124; local and
Prostate
university hospitals
Controls: 659; hospital
patients with other cancers
Exposure assessment
method: team of
agronomists assessed
exposure to pesticides based
on interview data
Cases: 1153; cancer registry Prostate
Controls: 3999; other
cancer patients from the
same registry excluding
lung cancer and cancer of
unknown primary site
Exposure assessment
method: JEM for 1950–1998,
including 45 animal and
crops; information on
exposure (quantitative
or never/ever) to 139
pesticide active ingredients
determined for type of work
and time; quantification
derived from models used
for pesticide registration

Band et al.
(2011)
Canada, British
Columbia
1983–1990

Organ site

Exposure
category or
level

Exposed
cases/
deaths

DDT:
Ever exposed 20
≤ 15 yrs
16
> 15 yrs
4

No exposure 1104
Low
19
exposure
High
30
exposure
Trend-test P value: 0.03
Ever vs never 49
exposed
Trend-test P value: 0.03

Risk estimate
(95% CI)

2.1 (1.2–3.8)
2.1 (0.9–2.1)
2.2 (1.1–4.8)

1.00
1.24 (0.71–2.16)
1.68 (1.04–2.70)

1.47 (1.02–2.12)

Covariates

Comments

Age, family history
of prostate cancer,
interview (direct/
indirect)

Strengths: same study base
for cases and controls;
adjustment for main
confounders
Limitations: relatively small
study size; low specificity of
exposure assessment; cancer
sites of controls possibly
associated with exposure
Spearman correlation
coefficient between DDT and
lindane 0.72
Strengths: large size;
histological confirmationhigh response rates; lifetime
cumulative exposure
assessment
Limitations: exposure
misclassification due to the
JEM; potential selection bias
due to use of cancer controls;
multiple comparisons (142
active chemicals evaluated);
strong inter-correlations
between exposures; no
mutual adjustment

Alcohol
consumption,
cigarette years, pipe
years, education
level, respondent
type (proxy/direct)

DDT

145

Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Ritchie et al.
(2003)
Iowa, USA
2000–2001

Cases: 58; university
Prostate
hospital and urology clinic
Controls: 99; men receiving
annual check-ups in the
hospital
Exposure assessment
method: biomarker;
detection rates for p,p′-DDE,
> 99%; detection rates for
p,p′-DDT, 0% cases; 2%
controls (not investigated)
Cases: 58; hospital
Prostate
Controls: 20; hospital (men
undergoing transurethral
resection for benign
hyperplasia)
Exposure assessment
method: biomarker;
chlorinated and brominated
compounds measured in
abdominal adipose tissue
biopsy
Cases: 79; incident prostate
Prostate
cancer diagnosed by biopsy
at urology clinics
Controls: 329; men without
prostate cancer seen at
the same clinics (135 with
biopsy, 194 without)
Exposure assessment
method: biomarker; 13
pesticides and 14 PCBs
measured in plasma (LOD,
8 µg/kg lipid for DDT;
4 µg/kg lipid for DDE)

Hardell et al.
(2006a)
Örebro, Sweden
1997–1999

Aronson et al.
(2010)
Kingston,
Ontario,
Canada
1997–1999

Organ site

Exposure
category or
level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

p,p′-DDE
(µg/g)
≤ 0.180
0.181–0.340
> 0.340

20

1

Age, body mass
index, prostatis

15
23

0.72 (0.31–1.71)
1.08 (0.47–2.5)

Strengths: first study on
prostate-cancer risk based
on biological measurements
of OC
Limitations: very small
numbers of cases; source
population for the controls
not well defined

p,p′-DDE,
< 291 ng/g
lipid
p,p′-DDE,
> 291 ng/g
lipid

15

1.0

Age, BMI

Strengths: adipose tissue
biopsy; high response rate
Limitations: small sample size
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2.3 (0.77–6.85)

Age, teenage
physical
activity, alcohol
consumption,
smoking pack-years

Strengths: PSA and DRE
screening in cases and
controls
Limitations: very small
number of cases; total
response rates not available;
controls with urological
diseases possibly related to
exposure

p,p′-DDE, μg/kg lipid
< 270
27
270–548.9
27
548.9–2362.3 24
Trend-test P value: 0.35
p,p′-DDT, μg/kg lipid
< 5.3
24
5.3–8.4
28
8.4–49.1
26
Trend-test P value: 0.9

1.00
0.97 (0.52–1.83)
0.73 (0.38–1.40)

1.00
1.19 (0.63–2.26)
1.05 (0.55–2.00)
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Table 2.9 (continued)

Table 2.9 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Emeville et al.
(2015)
Guadeloupe
(French
Caribbean)
2004–2007

Cases: 576; private and
public urology clinics
Controls: 655; free health
screening programme
Exposure assessment
method: biomarker; p,p′DDE measured in plasma
(p,p′-DDT not investigated:
detection frequency, 36.2%);
LOD, 0.05 µg/L for p,p′-DDE
and p,p′-DDT

Prostate
(total)

p,p′-DDE, µg/L
< 0.79
106
0.79–1.62
96
1.63–2.89
111
2.90–5.18
104
> 5.19
159
Trend-test P value: 0.01
p,p′-DDE, µg/L
< 1.37
20
1.37–3.41
34
> 3.42
47
Trend-test P value: 0.06
DDT, 1–20
34
yrs of
exposure

Prostate
(aggressive/
advanced)

Exposed
cases/
deaths

Risk estimate
(95% CI)

1.00
0.96 (0.66–1.42)
1.05 (0.71–1.55)
1.02 (0.67–1.53)
1.53 (1.02–2.30)

1.00
1.55 (0.85–2.85)
1.92 (1.04–3.54)

Covariates

Comments

Age, waist-tohip ratio, type 2
diabetes, alcohol,
total plasma lipid
concentration

Strengths: largest study
investigating associations
between DDE and prostate
cancer based on biological
measurements of exposure
Limitations: source
population for the controls
was not well defined; p′,p′DDT not investigated; no
adjustment for BMI

1.6 (0.9–4.6)

BMI, body-mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; DRE, digital rectal examination; JEM, job–exposure
matrix; LOD, limit of detection; NR, not reported; OC, organochlorine; OPs, organophosphates; PCB, polychlorinated biphenyl; PSA, prostate-specific antigen; vs, versus; yr, year

DDT
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Emeville et al. (2015) reported the results
of a population-based case–control study of
cancer of the prostate and plasma concentrations of DDE conducted in Guadeloupe (French
Caribbean). The case group included 576 men
with incident prostate cancer (81% of the cases
with a blood sample available) identified from
private and public clinics covering the entire
territory of Guadeloupe. Controls were men
aged 45 years or older selected from a free health
screening programme open to the general population, and who had normal findings upon digital
rectal examination and normal prostate-specific
antigen (PSA) concentrations. Organochlorine
compounds including p,pʹ-DDE and p,pʹ-DDT
were measured in the blood samples via high-resolution gas chromatography, but only p,pʹ-DDE
(detection frequency, 96.2% among controls) was
investigated in relation to risk of prostate cancer.
The odds ratio for men in the highest quintile of
DDE concentration compared with men in the
lowest quintile was 1.53 (1.02–2.30). There was an
overall statistically significant trend (P = 0.01),
which was mainly driven by the odds ratio in
the highest exposure quintile, as the odds ratios
in lower quintiles were close to the null. The odd
ratio for cases with high-grade Gleason score was
1.92 (95% CI, 1.04–3.54) (worse prognostic value)
for men in the highest tertile relative to men
in the lowest tertile, but was not significantly
different from the corresponding odds ratio for
cases with low-grade Gleason score. [This was
the largest study to date investigating associations between DDE and prostate cancer based on
biological measurements of exposure; the source
population for the controls was not well defined
and may have introduced some selection bias.]
Lim et al. (2015) conducted a meta-analysis of
studies of the associations between cancer of the
prostate and measurements of persistent organic
pollutants, including p,p′-DDE, in blood or
adipose tissue. The analysis included four case–
control studies and a nested case–control study
reviewed in this Monograph and a cross-sectional
148

study of the United States National Health and
Nutrition Examination Survey (NHANES)
study (Xu et al., 2010). The meta-odds ratio for
cancer of the prostate with p,p′-DDE comparing
high versus low concentrations was 1.41 (95% CI,
1.12–1.78). Based on four of the included studies,
the odds ratio per 1 µg/g lipid of p,p′-DDE was
1.25 (95% CI, 0.86–1.84).

2.2.4 Cancer of the testis
See Table 2.10
Hardell et al. (2003) conducted a population-based case–control study on cancer of the
testis in Sweden. Case patients and their mothers
were recruited from 1997 to 2000 from urology
or oncology departments of several hospitals
in Sweden. Controls and their mothers were
drawn from the Swedish population registry,
age-matched with the cases (5-year age group)
and control mothers were age-matched with case
mothers (5-year age group). Persistent organic
pollutants, including p,pʹ-DDE, were measured
at diagnosis in the blood samples provided by 58
cases and 44 mothers of cases, and by 61 controls
and 45 mothers of controls. The odds ratio for
exposure to p,pʹ-DDE at above median concentration versus below median for male subjects was
1.7 (95% CI, 0.8–3.7), and 1.3 (95% CI, 0.5–3.0)
for mothers of study subjects. Stratification of
the case group by seminoma and non-seminoma
did not reveal a notably different association
with p,pʹ-DDE. In a later publication on the same
study (Hardell et al., 2006b), results on p,pʹ-DDE
in mothers were also presented separately by
age group, showing increased odds ratios only
among mothers younger than age 55 years at the
time of diagnosis (OR, 2.3, 95% CI, 0.6–9.5). [This
was the first study examining testicular cancer in
relation to biological measurements of persistent
organic pollutants. Selection biases were minimized by use of a population registry to select
the controls and their mothers, and participation
rates were high, but mothers’ blood was sampled

DDT
only after case diagnosis (on average, at age 31
years) and the results were imprecise.]
Biggs et al. (2008) conducted a population-based case–control study on testicular germ
cell tumours in Washington State, USA. The case
group included 246 men aged 18–45 years with
invasive testicular germ cell carcinoma diagnosed
between 1999 and 2008, identified from the files
of the cancer surveillance system, a part of the
SEER programme of the United States National
Cancer Institute. The control group included 630
men frequency-matched to the cases on 5-year
age group, and selected using a random-digit
dialling procedure. Concentations of 12 OCPs,
including p,p′-DDT, o,p-DDT, p,p′-DDE, and
36 PCB congeners were measured from blood
samples drawn at the date of enrolment in the
study. The odds ratios for men exposed above
the 85th percentile of exposure compared with
men exposed below the median were 0.61 (95%
CI, 0.32–1.14), 1.17 (95% CI, 0.68–2.00), 1.30 (95%
CI, 0.67–2.53), and for p,p′-DDE, p,p′-DDT, and
o,p-DDT, respectively. Analysis based on the
continuous variables did not show any significant association between these compounds
and testicular germ cell carcinoma. No interaction between p,p′-DDE levels and the androgen
receptor genotype was observed. [In this study,
the response rate for cases and controls was low;
the use of post-diagnostic blood samples in this
study may have distorted the results, despite the
fact that odds ratios were adjusted for change in
BMI between reference date and blood draw.]
In a hospital-based case–control study in
Rome, Italy, Giannandrea et al. (2011) examined
the association between serum levels of p,p′-DDE
and cancer of the testis. Cases were 50 patients
with testicular cancer recruited between October
2006 and September 2008 at the Laboratory of
Seminology-Sperm Bank. The controls included
48 men recruited from the same department
among men undergoing examination to ascertain their fertility status, and of approximately
the same age and BMI as the cases. Only 26% of

cases and 10% of controls had detectable serum
p,p′-DDE concentrations (limit of detection,
0.2 ng/mL). For men with detectable levels of
p,p′-DDE, the adjusted odds ratio for testicular
cancer was 3.21 (95% CI, 0.77–13.30). [This was
a small study. Choosing controls among men
consulting for fertility problems could introduce
bias. There was a large proportion of subjects
under the limit of detection, possibily because
the study was conducted long after the use of
DDT was discontinued. There was no adjustment
for total lipid concentration.]

2.2.5 Other cancer sites
See Table 2.11
(a)

Cancer of the pancreas

Fryzek et al. (1997) conducted a case–control
study in Michigan, USA, to investigate the relationship between cancer of the pancreas and
exposure to pesticides. The case group included
66 patients diagnosed with this cancer in 1994
and 1995 in seven hospitals (response rate, 81%).
The controls (n = 131) were frequency-matched
on age, sex, ethnicity, and county of residence,
and were identified by random-digit dialling
(response rate, 27%). Exposure to pesticides and
to DDT during leisure time activities and at work
were assessed by questionnaire. Ever using DDT
was associated with a non-statistically significant
increased risk of cancer of the pancreas (OR, 1.6;
95% CI, 0.8–3.1). [Unlike most studies on this
cancer, for which the prognosis is poor, this study
was based on direct interviews of cases. However,
the response rate for cases and controls was low
and the use of questionnaire for assessing exposure to DDT may lead to recall bias.]
Hoppin et al. (2000) conducted a population-based case–control study on cancer of the
pancreas in the San Francisco bay area, USA.
Cases were 108 patients aged 21–85 years with
pancreatic cancer, recruited using a rapid case
ascertainment between October 1996 and May
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Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Hardell et al.
(2003)
Sweden
1997–2000

Cases: 58 (44 mothers);
Testis
hospital urology and
oncology departments
Controls: 61 (45 mothers);
population registry; matched
by age
Exposure assessment
method: biomarker

Biggs et al.
(2008)
Washington
state, USA
1999–2008

Cases: 246; cancer registry
Controls: 630; population;
frequency-matched on age
Exposure assessment
method: biomarker; p,p′DDT not detected in 6.7%
of subjects, o,p′-DDT not
detected in 42.3%, p,p′-DDE
not detected in 0%; poor
between-run reliability of
the analytic method for
several of the analyses

Organ site

Testis
(testicular
germ cell
tumours)

Exposure
category or
level

Exposed
cases/
deaths

p,p′-DDE
34
> median
Seminoma
14
Non20
seminoma
Mothers
22
p,p′-DDE
> median
p,p′-DDE,
pg/g
≤ 1101
130
> 1101–2473 94
> 2473
21
Trend-test P value: 0.36
p,p′-DDT,
pg/g
≤ 27
110
27–47
94
> 47
32
Trend-test P value: 0.3
o,p-DDT,
pg/g
≤5
104
5–13
83
> 13
37
Trend-test P value: 0.28

Risk estimate
(95% CI)

Covariates

Comments

1.7 (0.8–3.7)

Age, BMI

Strengths: population
controls; high participation
rates, including mothers
Limitations: small size;
blood drawn from mothers
after case diagnosis

Age, ethnicity,
change in BMI
between reference
date and blood
draw, assay run
number, serum
lipids

Strengths: relatively large
study size
Limitations: use of postdiagnostic blood samples;
low response rates of cases
and controls

1.5 (0.5–4.5)
1.9 (0.8–3.7)
1.3 (0.5–3.0)

1.00
1.14 (0.78–1.67)
0.61 (0.32–1.14)

1.00
1.39 (0.96–2.02)
1.17 (0.68–2.00)

1.00
1.26 (0.83–1.91)
1.30 (0.67–2.53)
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Table 2.10 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size,
description, exposure
assessment method

Organ site

Exposure
category or
level

Giannandrea
et al. (2011)
Rome, Italy
2006–2008

Cases: 50; university
laboratory and sperm bank
Controls: 48; men with
fertility examination in the
same department as cases
Exposure assessment
method: personal
monitoring

Testis
(testicular
cancer)

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates

Comments

p,p′-DDE,
37
< 0.2 ng/mL

1.00

p,p′-DDE,
13
≥ 0.2 ng/mL
DDT, 1–20
34
yrs of
exposure

Mother’s age at
birth, education,
parity

3.21 (0.77–13.30)

The late period of the study
(2008) may explain the large
proportion of subjects below
the detection limit
Limitations: small study;
large proportion of subjects
under LOD; selection
of controls among men
consulting for fertility
problems may not be
adequate if fertility is
associated with DDT/DDE;
no adjustment for total lipid
concentration

1.6 (0.9–4.6)

BMI, body mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; JEM, job–exposure matrix; LOD, limit of detection;
NR, not reported; OC, organochlorine; OPs, organophosphates; PCB, polychlorinated biphenyl; vs, versus; yr, year
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1998, who were alive and provided a blood sample.
Control subjects (n = 82) were frequency-matched
on sex and age to the cases and identified using
random-digit dialling and random samples from
the Health Care Financing Administration lists.
Detailed in-person interviews were conducted
and blood samples were obtained for organochlorine analyses that included DDE, DDT, and
11 PCB congeners. DDE was detected in more
than 50% of the samples. The odds ratio for DDE
in the highest exposure tertile (≥ 1880 ng/g lipids)
compared with DDE in the lowest (< 850 ng/g
lipid) was 2.1 (95% CI, 0.9–4.7), and there was
some indication of a dose–response trend (P
for trend, 0.08). However, when adjusting for
total PCBs, the odds ratio in the highest tertile
decreased to 1.1 (95% CI, 0.4–2.8), whereas the
association observed with PCBs was not modified by adjustment for DDE. [This was the first
population-based study on pancreatic cancer
using serum measurements of organochlorine
chemicals.]
In a hospital-based case–control study of
cancer of the pancreas in Sweden, Hardell
et al. (2007) measured concentrations of organochlorine compounds in adipose tissue from 21
cases diagnosed between 1996 and 1999, and 59
controls undergoing surgery for benign prostate hyperplasia (20 men) or hysterectomy (39
women). For p,p′-DDE, the odds ratio for exposure above the median (controls, 261 ng/g lipid)
adjusted for BMI at tissue sampling, age, and sex
was 2.39 (95% CI, 0.73–7.78). The odds ratio was
unchanged after consideration of loss of weight
during the preceding year. [This was a small
study with measurements of organochlorine
compounds in the adipose tissue; the effect of the
wasting syndrome characteristic of pancreatic
cancer on organochlorine concentrations may
have influenced the result.]
In a case–control (case–case) study in Spain
evaluated the relation between levels of p,p′-DDT,
p,p′-DDE, and PCBs, and mutations in codon 12
of the K-ras gene in patients with exocrine cancer
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of the pancreas (Porta et al., 1999). Cases of
pancreatic cancer with wild-type K-ras (n = 17)
were frequency-matched for age and sex to
cases of pancreatic cancer with a K-ras mutation
(n = 34). Serum concentrations of p,p′-DDT were
significantly higher in pancreatic cancer cases
with a K-ras mutation than in cases without a
mutation (unadjusted odds ratio for upper tertile,
8.7 (95% CI, 1.6–48.5), P for trend , 0.005). For
p,p′-DDE, the corresponding figures were 5.3
(95% CI, 1.1–25.2; P for trend, 0.03). These associations remained significant after adjusting for
covariates, including smoking. A specific association was observed between glycine-to-valine
substitution at codon 12 and both p,p′-DDT and
p,p′-DDE concentrations. [The Working Group
noted the small size of this study.]
(b)

Cancer of the endometrium

Sturgeon et al. (1998) reported the results of
a case–control study on cancer of the endometrium in five geographical areas of the USA. Cases
were 90 women diagnosed with the disease in
seven hospitals between 1987 and 1990. Controls
with intact uterus matched on age, race, and
areas of residence were selected from randomdigit dialling or from the files of the Health
Care Financing Administration. Among the
498 eligible cases and 477 eligible controls, only
90 sets of cases and matched controls had sufficient blood volume for organochlorine analyses.
Among other organochlorine compounds, four
DDT-related compounds (o,p′-DDT, p,p′-DDT,
o,p′-DDE, p,p ′-DDE), as well as 13 other OCPs
and 27 PCB congeners were measured in stored
serum samples. Among these, o,p′-DDE was
detected too infrequently for analysis, and only
p,p′-DDT was higher in cases than in controls (P
= 0.03). The odds ratio for women in the highest
tertile of p,p′-DDT was 1.8 (95% CI, 0.7–4.4)
compared with the women in the lowest tertile.
Odds ratios were not increased for p,p′-DDE or
for o,p′-DDT. [This was the first study examining
the relationship between serum organochlorine

Table 2.11 Case–control studies on other cancers and exposure to DDT and its metabolites
Reference,
location,
enrolment/
follow-up
period

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Fryzek et al.
(1997)
Michigan, USA
1994–1995

Cases: 66; 7 hospitals
Controls: 131; population
(random-digit dialling);
frequency-matched by age group,
sex, ethnicity and county
Exposure assessment method:
questionnaire

Pancreas

DDT
Ever
exposed
Low
exposure
High
exposure

Cases: 108; rapid case
ascertainment
Controls: 82; random-digit
dialling and health care
financing records, frequencymatched by sex and age
Exposure assessment method:
biomarker; measurements of
DDE, DDT, PCBs and other OCs
Cases: 21; hospital
Controls: 59; surgery patients
(benign prostate hyperplasia, 20
men or hysterectomy, 39 women)
Exposure assessment method:
biomarker; OCs measured in
adipose tissue

Pancreas

Hoppin et al.
(2000)
San Francisco
Bay Area, USA
Oct–1998

Hardell et al.
(2007)
Sweden
1996–1999

Pancreas

Exposed Risk estimate
cases/
(95% CI)
deaths

17

1.6 (0.8–3.1)

5

1.1 (0.4–3.3)

7

1.7 (0.6–4.8)

DDE, ng/g lipid
< 850
30
850–1880
37
≥ 1880
41
Trend-test P value: 0.08

p,p′-DDE
> median

14

Covariates

Comments

None

Strengths: rapid
identification of pancreas
cancer cases allowing direct
interviews; strict case
definition
Limitations: small study
size; only living cases; low
response rate in controls;
possible recall bias when
assessing exposure to DDT
Strengths: direct interviews
only; consideration of effects
of cachexia on OC serum
levels in sensitivity analyses;
adjustment for exposure to
PCBs
Limitations: low response
rates

Age, race, sex
1.0
1.5 (0.7–3.3)
2.1 (0.9–4.7)

2.39 (0.73–7.78)

BMI at tissue
sampling, age,
sex

Strengths: adipose tissue
samples; 100% response rate
in cases; consideration of
BMI 1 yr and 10 yrs before
tissue sampling
Limitations: small study size

DDT
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Reference,
location,
enrolment/
follow-up
period

Population size, description,
exposure assessment method

Sturgeon et al.
(1998)
USA
198–1990

Cases: 90; 7 hospitals in 5 USA
Endometrium
geographical areas
Controls: 90; population, with
intact uterus, matched by age,
race, residence
Exposure assessment method:
biomarker; measurements of o,p′DDT; p,p′-DDT, o,p′-DDE, p,p′DDE; 13 other OC compounds &
27 PCBs

Weiderpass
et al. (2000)
Sweden
1996–1997

Cases: 154; hospital gynaecology
and oncology departments in 12
counties
Controls: 205; population,
matched by age and with intact
uterus
Exposure assessment method:
biomarker; 10 chlorinated
pesticides, including DDT, and
10 PCBs measured in serum

Organ site

Endometrium

Exposure
category or
level

Exposed Risk estimate
cases/
(95% CI)
deaths

p,p′-DDE, ng/g lipids
256–943
27
954–1357
17
1359–2276
27
2391–10 486 19
o,p′-DDT, ng/g lipid
0
43
5–75.8
27
78.2–386.6
20
p,p′-DDT, ng/g lipids
0
41
31.6–98.2
15
99.0–278.0
34
p,p′-DDT:
quartile 1
NR
quartile 2
NR
quartile 3
NR
quartile 4
NR
Trend-test P-value: 0.95
p,p′-DDE:
quartile 1
NR
quartile 2
NR
quartile 3
NR
quartile 4
NR
Trend-test P value: 0.78

1.0
0.5 (0.2–1.2)
1.0 (0.4–2.5)
0.7 (0.2–2.0)

Covariates

Comments

Age, area of
residence,
weight,
ethnicity

Strengths: first study
examining the relation
between serum OC
concentrations and
endometrial-cancer risk
Limitations: small study size;
low proportion of cases &
controls with available blood
samples

Age, BMI

Strengths: populationbased design; restriction
to women who never used
HRT; control for possible
confounders- collection of
blood samples immediately
after diagnosis (no effect of
cancer treatment)
Limitations: relatively low
participation rates

1.0
0.9 (0.4–2.1)
0.5 (0.1–1.9)
1.0
0.6 (0.2–1.6)
1.8 (0.7–4.4)
1.0
1.1 (0.6–2.2)
0.8 (0.4–1.6)
1.1 (0.5–2.1)

1.0
0.9 (0.5–1.8)
1.1 (0.6–2.0)
1.0 (0.6–2.0)
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Table 2.11 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Hardell et al.
(2004)
Sweden
1997–1998

Cases: 76; hospital, surgery for
endometrial cancer
Controls: 39; same hospitals,
women having hysterectomy for
endometrial hyperplasia
Exposure assessment method:
biomarker; p,p′-DDE and other
OC compounds measured in
adipose tissue collected during
surgery
Cases: 345; 3 hospitals
Controls: 961; healthy control
subjects recruited from the same
three hospitals
Exposure assessment method:
biomarker; analytical methods
not reported in detail

Endometrium

p,p′-DDE:
< median
≥ median
50–75th
percentile
> 75th
percentile

Zhao et al.
(2012)
Xiamen, China
2007–2009

Liver (HCC)

Exposed Risk estimate
cases/
(95% CI)
deaths

21
55
32

1.0
1.9 (0.8–4.8)
2.4 (0.8–6.8)

23

1.3 (0.4–4.1)

p,p′-DDT, µg/L
< 16.11
41
16.11–34.63 53
34.64–43.08 85
≥ 43.09
166
Trend-test P value: 0

1.0
1.3 (0.81–2.08)
2.08 (1.34–3.22)
4.07 (2.72–6.10)

p,p′-DDE, µg/L
< 2.62
76
1.00
2.62–6.84
60
0.79 (0.54–1.17)
6.85–10.55
61
0.81 (0.54–1.20)
≥ 10.56
148
1.96 (1.39–2.76)
Trend-test P value: 0.00 001

Covariates

Comments

Age, BMI

Strengths: adipose tissue
samples; high response rates
Limitations: controls with
benign disease (endometrial
hyperplasia) possibly related
to OC exposure; very small
numbers

Age, sex,
education,
alcohol
consumption,
smoking,
aflatoxin, HBV,
HCV

DDT/DDE ratio elevated
(4.89) indicating recent
exposure to DDT
Strengths: large numbers;
elevated levels of OC
exposures; data on other risk
factors for liver cancer
Limitations: recruitment
details for the controls
not reported; details of
exposure and covariate
measurement not reported;
DDE measurements not
lipid-adjusted

DDT
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Reference,
location,
enrolment/
follow-up
period

Population size, description,
exposure assessment method

Organ site

Howsam et al.
(2004)
Barcelona,
Spain
1996–1998

Cases: 132; hospital
Colon &
Controls: 76; age-sex matched
rectum
patients at the same hospital with
other diseases
Exposure assessment method:
biomarker
Colon &
rectum

De Stefani et al.
(1996)
Uruguay
1993–1994

Cases: 270; 5 hospitals, men only
Controls: 383; men with other
cancers from the same hospitals
Exposure assessment method:
questionnaire

Lung

Exposure
category or
level

Exposed Risk estimate
cases/
(95% CI)
deaths

p,p′-DDE, ng/g lipids
< 2574
38
2574–5565
49
> 5565
45
Trend-test P value: 0.19
p,p′-DDT, ng/g lipids

1.00
2.17 (1.03–4.54)
1.6 (0.79–3.25)

< 336
44
336–740
52
> 740
36
Trend-test P value: 0.12
DDT, ever
50
exposed
DDT, 1–20
34
yrs of
exposure

1.00
1.58 (0.74–3.36)
0.56 (0.27–1.17)
1.7 (1.0–2.8)
1.6 (0.9–4.6)

Covariates

Comments

Age, sex,
energy intake,
BMI

Strengths: careful design,
robust analytical methods,
potential confounders
examined in detail, study
of interaction between OC
values and K-ras and p53
mutations
Limitations: use of hospital
controls may introduce
selection bias

Age, residence,
education,
cigarette
smoking,
alcohol
consumption

Overall response rate (all
cancer sites), 97.4%
Strengths: inclusion of all
patients admitted to major
hospital; high response
rate; adjustment for major
confounders
Limitations: other
cancers as controls; no
indication of adjustment
of other occupational lung
carcinogens

BBD, benign breast disease; BMI, body-mass index; CI, confidence interval; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HCC, hepatocellular
carcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus; HRT, hormone replacement therapy; JEM, job–exposure matrix; LOD, limit of detection; NR, not reported; OC,
organochlorine; OPs, organophosphates; PCB, polychlorinated biphenyl; vs, versus; yr, year
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Table 2.11 (continued)

DDT
concentrations and risk of endometrial cancer.
The Working Group noted concerns about the
potential for selection bias related to the small
proportion of subjects with available blood
samples and about the limited precision.]
Weiderpass et al. (2000) conducted a population-based case–control study on cancer of the
endometrium in Sweden. Cases were 154 women
with endometrial cancer diagnosed in 1996 and
1997 in gynaecology or gynaecological oncology
departments in 12 Swedish counties and who
had never used hormone replacement therapy.
Controls were 205 age-matched women selected
from the population register, who had never used
hormone replacement therapy and who had not
undergone hysterectomy. Four DDT and DDE
compounds were measured in serum. No association was found between endometrial cancer
and serum concentration of any of the four
compounds. [This was a well-conducted study
using a population-based design, in which only
women who had never used hormonal treatment
were included to examine the hormonal effects of
environmental exposures on the endometrium.]
In a small hospital-based case–control study
in Sweden, Hardell et al. (2004) compared
concentrations of p,p′-DDE in adipose tissue
from 76 cases with cancer of the endometrium,
and 39 controls with endometrial hyperplasia
undergoing surgery. The odds ratio for women
with p,p′-DDE concentrations above the median
compared with women with concentrations
below the median was 1.9 (95% CI, 0.8–4.8), but
the odds ratio decreased to 1.3 (95% CI, 0.4–4.1)
for women in the highest exposure group
(concentration > 75% percentile). [This was a
very small study.]
(c)

Cancer of the liver

Zhao et al. (2012) published the findings of
a hospital-based case–control study of HCC in
Xiamen, China. Cases diagnosed with HCC
(n = 345) and healthy controls (n = 961) were
recruited between 2007 and 2009 in three

hospitals, from subjects who had been living
for at least 10 years in Xiamen. Cases and
controls were interviewed using a structured
questionnaire. Organochlorine pesticides and
PCB congeners were measured in blood serum
samples taken after diagnosis. Higher concentrations of p,p′-DDT and p,p′-DDE were observed
than in a previous study of cancer of the liver in
Linxian (McGlynn et al., 2006; see Section 2.1.4).
The odds ratio comparing the highest exposure
quartile of p,p′-DDT to the lowest was 4.07 (95%
CI, 2.72–6.10) with adjustment for risk factors
including alcohol drinking, HBV, and hepatitis
C virus (HCV) infection, and aflatoxin B1, and
the dose–response trend was highly significant
(P < 10−5). Concentrations of p,p′-DDE was
also associated with cancer of the liver (corresponding adjusted OR, 1.96; 95% CI, 1.39–2.76;
P for trend, 10−4). The authors also reported positive interactions of OCPs with other risk factors
for HCC, particularly between p,p′-DDT and
aflatoxin B1. [This was a large study on HCC in a
region of high incidence of HCC, with intensive
past use and limited current use of OCPs. The
Working Group noted concerns about incomplete reporting of this study, particularly with
respect to the selection of controls and measurement of covariates.]
(d)

Cancer of the colon

Howsam et al. (2004) conducted a case–
control study on organochlorine exposure and
risk of cancer of the colorectum within a larger
hospital-based study in Barcelona, Spain. Cases
were a random sample of 132 patients with a
new diagnosis of colorectal adenocarcinoma
attending a university hospital between 1996 and
1998, frequency-matched on age, sex, and energy
intake, to a sample of 76 controls with new diagnoses of other diseases at the same hospital.
Organochlorine compounds were measured in
blood samples obtained at diagnosis. Overall,
as compared with subjects in the first exposure
tertile of exposure distribution of p,p′-DDE, odds
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ratios in the second and third exposure tertiles
were 2.17 (95% CI, 1.03–4.54) and 1.30 (95%
CI, 0.79–3.25), respectively (P for trend, 0.19).
Corresponding values for p,p′-DDT were 1.58
(95% CI, 0.74–3.36) and 0.56 (95% CI, 0.27–1.17),
P for trend, 0.12. p,p′-DDE significantly interacted
with p53 (P for interaction, 0.047) and K-ras gene
mutations (P for interaction, 0.012). [DDT was
only analysed in a subset of cases and controls
from a larger study. The hospital-based design
with other patients as controls was a potential
source of selection bias.]
(e)

Cancer of the lung
De Stefani et al. (1996) conducted a hospital-based case–control study in Montevideo,
Uruguay, on occupational risk factors for cancer
of the lung. The study was part of a large multisite
case–control study: all incident cases of cancer
occurring in men aged 30–75 years admitted in
any of five major hospitals in Montevideo were
included. The overall response rate was 97.4%. The
paper reported results on lung cancer (n = 270
cases), using patients with cancer at other sites
as the control group (n = 383), after excluding
cancer sites that shared occupational etiologies
with lung cancer. Cancers of the colorectum
and prostate were the most common diagnoses
among controls. Exposure to DDT was assessed
from an occupational questionnaire, along with
exposures to other occupational hazards. Ever
being exposed to DDT was associated with an
odds ratio of 1.7 (95% CI, 1.0–2.8) that increased
to 2.0 (95% CI, 0.9–4.7) for men exposed to DDT
for more than 20 years. The analysis by histological subtype indicated odds ratios of 1.3 (95%
CI, 0.7–2.3), 3.6 (95% CI, 1.5–8.9), and 2.3 (95%
CI, 1.2–4.7) for squamous cell cancer, small cell
cancer, and adenocarcinoma of the lung, respectively. [Assessing exposure to pesticides from the
questionnaire was the major limitation of this
study; using a cancer reference group was also a
limitation if the cancers used as controls shared
common occupational exposures with cases of
lung cancer.]
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3.

Cancer in Experimental Animals

The carcinogenicity of DDT in experimental
animals was previously reviewed by the Working
Group in 1973 (Some Organochlorine Pesticides;
IARC, 1974) and in 1991 (Occupational Exposures
in Insecticide Application, and Some Pesticides;
IARC, 1991).
The Working Group previously classified
DDT as having sufficient evidence of carcinogenicity in experimental animals (IARC, 1991).
The Working Group for the present monograph
reviewed all studies, including those published
after 1991, and summarized those judged
adequate for an evaluation of carcinogenicity.
The findings of the pertinent studies are summarized in Table 3.1.

3.1 Mouse
3.1.1 Oral administration
ln a screening study on about 70 compounds,
groups of 18 male and 18 female (C57Bl/6 × C3H/
Anf) F1 and (C57Bl/6 × AKR)F1 mice (age, 7 days)
were given daily single doses of p,p′-DDT [purity
unspecified] at 46.4 mg/kg bw (maximum tolerated dose) by gavage until age 28 days, when
the mice were transferred to a diet containing
p,p′-DDT at a concentration of 140 mg/kg.
Groups of 90 mice served as controls. About
30% of females of both strains died during the
treatment. The surviving mice were killed at age
81 weeks. The incidence of hepatoma (benign
or malignant, combined) was increased significantly in male and female mice of each strain,
except in female (C57Bl/6 × AKR)F1 mice, and
the incidence of malignant lymphoma was significantly increased in (C57Bl/6 × AKR)F1 females
(NTIS, 1968; Innes et al., 1969).
In a five-generation study, p,p′-DDT-treated
and control groups of male and female BALB/c
mice from each of the five generations (F1–F5)
were studied for tumour incidence. Groups of

DDT
mice from the F1–F5 generations (a total of 683
mice, including males and females) received a
diet containing p,p′-DDT [purity unspecified] at
a concentration of 2.8–3 mg/kg for 6 months, and
other groups of mice from the F1–F5 generations
(a total of 406 mice, including males and females)
received a control diet. At experimental month
26, the incidence of pulmonary carcinoma was
significantly increased in treated mice (all generations combined; 116/683 [P < 0.001]) compared
with controls (5/406). The incidences of lymphosarcoma (all generations combined; 15/683 versus
1/406 controls [P < 0.001]), and leukaemia (all
generations combined; control, 10/406; treated,
85/683 (64/683 in females) [P < 0.001]) were also
significantly increased in treated mice (Tarján &
Kemény, 1969). [The Working Group determined
that the higher incidence of pulmonary carcinoma, leukaemia, and lymphosarcoma, attained
significance in the F2, F3, and F3 generations of
treated mice, respectively, and subsequently
increased in each succeeding generation.]
In a two-generation dose–response study,
groups of 90–127 male and female CF-1 mice
(including parent F0, and offspring F1) were fed a
diet containing technical-grade DDT at concentrations of 0, 2, 10, 50, or 250 mg/kg, starting at
age 6–7 weeks for the F0 generation and continuing in the F0 and F1 for life. There was excess
mortality from week 60 onwards among mice of
the F0 and F1 generations that had received DDT at
250 mg/kg diet. The incidence (both generations
combined) of hepatoma (benign or malignant,
combined) was increased by exposure to DDT.
The incidences were in males: 25/113 (controls),
57/124, 52/104, 67/127, and 82/103, respectively;
and in females: 4/111 (controls), 4/105, 11/124,
13/104, and 60/90, respectively. The increase in
the incidence of hepatoma over that in controls in
male and female mice fed DDT at 250 mg/kg diet
was significant [P < 0.01]. In females, the excess
over that of the controls was also significant in
the group fed DDT at 50 mg/kg diet [P < 0.05]
(Tomatis et al., 1972).

In a continuation of the study byTomatis et al.
(1972), the effects of the same doses of DDT were
studied by Turusov et al. (1973) in six consecutive generations of CF-l mice [including the
first two generations described by Tomatis et al.
(1972)]. The experiment involved a total of 2764
exposed and 668 control animals. Exposure to
all four levels of technical-grade DDT (2, 10, 50,
250 mg/kg diet) for life significantly increased
the incidence (all generations combined) of
hepatoma (benign or malignant, combined) in
males. In females, the incidence of hepatoma was
significantly increased after exposure at 10, 50,
or 250 mg/kg, with a significant positive trend
[P < 0.001]. Hepatoblastoma was observed at a
significantly increased incidence in DDT-treated
male mice: 3/328 in control males, and 5/354,
14/362, 12/383, and 25/350 in males treated at 2,
10, 50, and 250 ppm, respectively, with a significant positive trend [P < 0.001]. DDT did not
significantly alter the incidence of tumours at
sites other than the liver (Turusov et al., 1973).
In a two-generation study, 515 female and 430
male BALB/c mice were given diets containing
technical-grade DDT at a concentration of 0, 2,
20, or 250 mg/kg for life. In females, the survival
rates were comparable in all groups; in males, early
deaths occurred in all groups as a consequence of
fighting and because of toxicity (at the highest
dose). In male and female (F0 and F1 combined)
mice that survived more than 60 weeks, the incidences of liver cell tumours (benign or malignant, combined) were significantly increased in
males and females fed diet containing DDT at
250 mg/kg (Terracini et al., 1973a). Confirmatory
results were obtained in two subsequent generations of BALB/c female mice (F2 and F3) fed diets
containing DDT at 250 mg/kg. Mice of the F1, F2
and F3 generations, which were exposed to DDT
both in utero and after birth for life, developed
more liver cell tumours than did F0 mice, which
were exposed to DDT only after weaning [data
presented only by graph, not by table or exact
number] (Terracini et al., 1973b).
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Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

DDT
Full carcinogenicity
Mouse, (C57Bl/6 × C3H/
Anf)F1 (M)
80 wk
Innes et al. (1969); NTIS
(1968)
Mouse, (C57Bl/6 × C3H/
Anf)F1 (F)
80 wk
Innes et al. (1969); NTIS
(1968)
Mouse, (C57Bl/6 × AKR)
F1 (M)
80 wk
Innes et al. (1969); NTIS
(1968)
Mouse, (C57Bl/6 × AKR)
F1 (F)
80 wk
Innes et al. (1969); NTIS
(1968)
Mouse, BALB/c (M+F)
5 generations, for life
Tarján & Kemény (1969)

0, 46.4 mg/kg bw, by gavage
(1×/day), age 7–28 days;
subsequently in diet at 0, or
140 mg/kg
90, 18 mice
0, 46.4 mg/kg bw, by gavage
(1×/day), age 7–28 days;
subsequently at 0, or 140 mg/kg
diet
90, 18 mice
0, 46.4 mg/kg bw, by gavage
(1×/day), age 7–28 days;
subsequently at 0, or 140 mg/kg
diet
90, 18 mice
0, 46.4 mg/kg bw, by gavage
(1×/day), age 7–28 days;
subsequently at 0, or 140 mg/kg
diet
90, 18 mice
0, 2.8–3 mg/kg diet for 6 mo
for all 5 generations
406, 683 mice

Hepatoma (benign or malignant,
combined): 8/79, 11/18

[P < 0.01]

p,p′-DDT: purity, NR

Hepatoma (benign or malignant,
combined): 0/87, 4/18

[P < 0.01]

p,p′-DDT: purity, NR

Hepatoma (benign or malignant,
combined): 5/90, 7/18

[P < 0.01]

p,p′-DDT: purity, NR

Hepatoma (benign or malignant,
combined): 1/82, 1/18
Lymphoma: 4/82, 6/18

[NS]

p,p′-DDT: purity, NR

Pulmonary carcinoma: 5/406,
116/683
Leukaemia: 10/406, 85/683
Lymphosarcoma: 1/406, 15/683

[P < 0.001]

Mouse, CF-l (M)
2-generation for life
Tomatis et al. (1972)

0, 2, 10, 50, 250 mg/kg diet for
life for both generations
113, 124, 104, 127, 103 mice

Hepatoma (benign or malignant,
combined): 25/113, 57/124, 52/104,
67/127, 82/103*

* [P < 0.01]

[P < 0.01]

[P < 0.001]
[P < 0.001]

p,p′-DDT: purity, NR
Tumour incidences for each of the 5
generations at experimental month
26 were combined
The increases in the incidence of
pulmonary carcinoma, leukaemia
or lymphosarcoma were consistent
across all generations.
73–78% p,p′-DDT, 20% o,p′-DDT, 1%
m,p′-DDT, 0.5–1.5% p,p′-TDE and
0.5% p,p′-DDE
Tumour incidences for both
generations were combined
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Table 3.1 Studies of carcinogenicity with DDT and its metabolites in mice, rats, hamsters, and monkeys

Table 3.1 (continued)
Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Mouse, CF-l (F)
2-generation for life
Tomatis et al. (1972)

0, 2, 10, 50, 250 mg/kg diet for
life for both generations
111, 105, 104, 104, 90 mice

Hepatoma (benign or malignant,
combined): 4/111, 4/105, 11/124,
13/104*, 60/90**

* [P < 0.05]; **
[P < 0.01]

Mouse, CF-l (M)
6-generation for life
Turusov et al. (1973)

0, 2, 10, 50, 250 mg/kg diet for
life for all generations
328, 354, 362, 383, 350 mice

Hepatoma (benign or malignant,
combined): 97/328, 179/354, 181/362,
214/383, 301/350
Hepatoblastoma: 3/328, 5/354,
14/362*, 12/383*, 25/350**

[P < 0.01 (all doses)]

73–78% p,p′-DDT, 20% o,p′-DDT, 1%
m,p′-DDT, 0.5–1.5% p,p′-TDE and
0.5% p,p′-DDE
Tumour incidences for both
generations were combined
73–78% p,p′-DDT, 20% o,p′-DDT, 1%
m,p′-DDT, 0.5–1.5% p,p′-TDE and
0.5% p,p′-DDE
Tumour incidences for all
generations were combined

Mouse, CF-l (F)
6-generation for life
Turusov et al. (1973)

0, 2, 10, 50, 250 mg/kg diet for
life for all generations
340, 339, 355, 328, 293 mice

Hepatoma (benign or malignant,
combined): 16/340, 12/339, 32/355*,
43/328**, 192/293**

Mouse, BALB/c (M)
2-generation for life
Terracini et al. (1973a)

0, 2, 20, 250 mg/kg diet for life
for both generations
107, 112, 105, 106 mice

Liver cell tumours (benign or
malignant, combined): 1/62, 3/48,
0/48, 14/31*

Mouse, BALB/c (F)
2-generation for life
Terracini et al. (1973a)

0, 2, 20, 250 mg/kg diet for life
for both generations
131, 135, 128, 121 mice

Liver cell tumours (benign or
malignant, combined): 0/124, 0/130,
1/126, 71/115*

Mouse, CF-1 (M)
2 years
Walker et al. (1973)
Mouse, CF-1 (F)
2 years
Walker et al. (1973)
Mouse, CF-1 (M)
110 wk
Thorpe & Walker (1973)

0, 50, 100 mg/kg diet
47, 32, 32 mice

Liver cell tumours [benign or
malignant, combined]: 6/47, 12/32*,
17/32**
Liver cell tumours [benign or
malignant, combined]: 8/47, 15/30*,
24/32*
Liver cell tumours [benign or
malignant, combined]: 11/45, 23/30

73–78% p,p′-DDT, 20% o,p′-DDT, 1%
m,p′-DDT, 0.5–1.5% p,p′-TDE and
0.5% p,p′-DDE
Tumour incidences for all
generations were combined
* [P < 0.01]; [P < 0.001 70–75% p,p′-DDT, 20% o,p′-DDT and
(trend)]
0.2–4% p,p′-TDE
Incidence in mice that died after 60
wk
Tumour incidences for both
generations were combined
* [P < 0.01; [P < 0.001 70–75% p,p′-DDT, 20% o,p′-DDT and
(trend)]
0.2–4% p,p′-TDE
Incidence in mice that died after 60
wk
Tumour incidences for both
generations were combined
* [P < 0.05]; **
p,p′-DDT; purity, > 99.5%
[P < 0.01]; [P < 0.001
(trend)]
* [P < 0.01]; [P < 0.001 p,p′-DDT; purity, > 99.5%
(trend)]

0, 50, 100 mg/kg diet
47, 30, 32 mice
0, 100 mg/kg diet
45, 30 mice

* [P < 0.05]; **
[P < 0.01]; [P < 0.001
(trend)]
* [P < 0.05]; **
[P < 0.01]; [P < 0.001
(trend)]

P < 0.01

p,p′-DDT: purity, > 99.5%

DDT
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Species, strain (sex)
Duration
Reference

Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Mouse, CF-1 (F)
110 wk
Thorpe & Walker (1973)
Mouse, Swiss (M)
80 wk
Kashyap et al. (1977)

0, 100 mg/kg diet
44, 30 mice

Liver cell tumours [benign or
malignant, combined]: 10/44, 26/30

P < 0.01

p,p′-DDT: purity, > 99.5%

0 (untreated control),
100 mg/kg diet or
0.25 mg/animal by gavage
30, 30, 30 mice
0 (untreated control),
100 mg/kg diet or
0.25 mg/animal by gavage
30, 30, 30 mice
0, 22, 44 mg/kg diet TWA for
78 wk
20, 50, 50 mice
0, 87, 175 mg/kg diet TWA for
78 wk
20, 50, 50 mice
0 (control) or 175 ppm in the
diet (0–16 wk), 125 ppm (16–24
wk) then 100 ppm (24–75 wk)
90, 90 mice

Lymphoma: 2/26, 8/27*, 6/24

*[P < 0.05]

70.5% p,p′-DDT and 21.3% o,p′-DDT

Lymphoma: 2/20, 8/22*, 8/24

*[P < 0.05]

70.5% p,p′-DDT and 21.3% o,p′-DDT

Lymphoma: 0/19, 2/49, 1/50

NS

Lymphoma: 0/20, 3/49, 7/46

P = 0.026 (trend),
Cochran-Armitage
test

[NS]

Technical-grade DDT; purity, about
70%, assumed to be p,p′-DDT
Survival at 70 wk: 12/20, 20/50, 37/50
Technical-grade DDT; purity, about
70%, assumed to be p,p′-DDT
Survival at 70 wk: 20/20, 45/50, 36/50
DDT: purity, 99%; the Working
Group was unable to determine
whether this was technical grade or
p,p′-DDT
Interim sacrifices at 2, 4, 8, 16, 24,
36, and 52 wk

[P < 0.02]
* [P < 0.01]

Technical-grade DDT: purity, NR

Mouse, Swiss (F)
80 wk
Kashyap et al. (1977)
Mouse, B6C3F1 (M)
91 wk
NCI (1978)
Mouse, B6C3F1 (F)
92 wk
NCI (1978)
Mouse, BALB/c (M)
75 wk
Lipsky et al. (1989)

Mouse, CF-1 (M)
65 wk
95 wk
Tomatis et al. (1974a)

0 (control) or 250 ppm in the
diet (15 or 30 wk treatment)
70, 60, 60 mice
0 (control) or 250 ppm in the
diet (15 or 30 wk treatment)
83, 60, 60 mice

Hepatocellular adenoma:
0/10, 1/4 (at 52 wk)
2/36, 4/12 (at 75 wk)
HCC:
1/36, 2/12 (at 75 wk)
Hepatocellular adenoma or HCC
(combined):
3/36, 5/12 (at 75 wk)
Hepatoma [not further classified]:
12/70, 13/60 (15 wk), 38/60* (30 wk)
Hepatoma [not further classified]:
24/83, 25/60 (15 wk), 41/60* (30 wk)

[NS]
[P < 0.03]

* [P < 0.01]
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Table 3.1 (continued)

Table 3.1 (continued)
Species, strain (sex)
Duration
Reference
120 wk
Tomatis et al. (1974a)

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

0 (control) or 250 ppm in the
Hepatoma [not further classified]:
diet (15 or 30 wk treatment)
33/98, 25/60 (15 wk), 37/60* (30 wk)
98, 60, 60 mice
Mouse, CF-1 (F)
0 (control) or 250 ppm in the
Hepatoma [not further classified]:
65 wk
diet (15 or 30 wk treatment)
0/69, 3/60 (15 wk), 4/54* (30 wk)
69, 60, 54 mice
95 wk
0 (control) or 250 ppm in the
Hepatoma [not further classified]:
diet (15 or 30 wk treatment)
0/72, 11/60* (15 wk), 11/55* (30 wk)
72, 60, 55 mice
120 wk
0 (control) or 250 ppm in the
Hepatoma [not further classified]:
Tomatis et al. (1974a)
diet (15 or 30 wk treatment)
1/90, 5/60* (15 wk), 11/54** (30 wk)
90, 60, 54 mice
Mouse, Swiss (M)
Skin application, 0 (untreated
No significant increase
80 wk
controls), 0.25 mg/animal,
Kashyap et al. (1977)
twice per wk
30, 30 mice
Mouse, Swiss (F)
Skin application, 0 (untreated
No significant increase
80 wk
controls) or 0.25 mg/animal,
Kashyap et al. (1977)
twice per wk
30, 30 mice
Mouse, Swiss (M)
Subcutaneous injection,
Liver cell carcinoma: 1/26, 3/28
80 wk
0 (untreated controls), or
Kashyap et al. (1977)
0.25 mg/animal (2×/mo)
30, 30 mice
Mouse, Swiss (F)
Subcutaneous injection,
Liver cell carcinoma: 0/20, 7/26
80 wk
0 (untreated controls), or
Kashyap et al. (1977)
0.25 mg/animal (2×/mo)
30, 30 mice
Co-administration with known carcinogens or modifying factors
Cervical epithelial carcinoma: 0/39,
Mouse, dd (F)
0, 100 ppm in the diet
[3/16 (about 20%)]
8 wk
1 wk after start of DDT
Uchiyama et al. (1974)
treatment (for 8 wk),
3-methylcholanthrene was
applied for 4 wk in the uterus
39, 16 mice

Significance

Purity
Comments

* [P < 0.01]
* [P < 0.05]

Technical-grade DDT: purity, NR

* [P < 0.01]
* [P < 0.05];
** [P < 0.01]
[NS]

70.5% p,p′-DDT and 21.3% o,p′-DDT

[NS]

70.5% p,p′-DDT and 21.3% o,p′-DDT

[NS]

70.5% p,p′-DDT and 21.3% o,p′-DDT

[P = 0.0123]

70.5% p,p′-DDT and 21.3% o,p′-DDT

[P < 0.03]

DDT, not further specified: purity
NR

DDT
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Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Mouse, B6C3F1 (M)
43 wk
Williams & Numoto
(1984)

0, 50 ppm in the diet
Initiated by NDEA at 20 ppm
in drinking-water for 14 wk
before DDT treatment (after 4
wk) for 25 wk
30, 30 mice

Hepatocellular adenoma or
carcinoma (combined): 8/20, 14/21

[NS]

Technical-grade DDT: purity, 97.6%

0, 100, 200, 400, 600, 800 ppm
in the diet
36, 12, 36, 36, 48, 60 rats

“Low-grade” HCC: 4/81 (all treated
groups)
Liver nodular adenomatoid
hyperplasias [adenoma]: 11/81 (all
treated groups)
No liver tumours in 20 controls
HCC: 0/5, 6/21 (all DDT treatment
groups)
Liver neoplastic nodules [adenomas]:
0/5, 4/21 (all DDT treatment groups)
Total liver tumours (HCC, neoplastic
nodules, Küpffer cell sarcoma): 0/5,
11/21 (all DDT treatment groups)
Lymphosarcoma: 0/6, 14/50 (all DDT
treatment groups)

[NS]

81.8% p,p′-DDT and 18.2% o,p′-DDT
Tumour incidence in rats that
survived ≥ 18 mo

HCC: 0/6, 4/12 (all DDT treatment
groups combined)

[NS]

Ovary carcinoma: 0/6, 11/12 (all
DDT treatment groups combined)

[P = 0.0004]

Undifferentiated bronchogenic
carcinoma (M+F): 2/60, 8/60

[P < 0.05]

Full carcinogenicity
Rat, Osborne-Mendel
(M+F)
24 mo
Fitzhugh & Nelson (1947)

Rat, Osborne-Mendel (M)
2 yr
Reuber (1978)

Rat, Osborne-Mendel (F)
2 yr
Reuber (1978)

Rat, Osborne-Mendel
(M, F)
2 yr
Radomski et al. (1965)

0, 200, 400, 600, 800 ppm in
the diet
12, 12, 12, 24, 24 rats

0, 200, 400, 600, 800 ppm in
the diet
12, 12, 12, 24, 24 rats

0, 80 mg/kg diet
30 M and 30 F/group

[NS]

[NS]
[NS]

81.8% p,p′-DDT and 18.2% o,p′-DDT
The effective number of rats is the
total number of rats that survived 84
wk or longer

[P < 0.05]
[NS]

The effective number of rats is the
total number of rats that survived 52
wk or longer
81.8% p,p′-DDT and 18.2% o,p′-DDT
The effective number of rats is the
total number of rats that survived 84
wk or longer
The effective number of rats is the
total number of rats that survived ≥
89 wk
DDT, not further specified: purity,
NR
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Table 3.1 (continued)

Table 3.1 (continued)
Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Rat, Osborne- Mendel (F)
Up to 27 mo
Deichmann et al. (1967)
Rat, Wistar (M)
145 wk
Rossi et al. (1977)
Rat, Wistar (F)
145 wk
Rossi et al. (1977)
Rat, Wistar (M)
60 wk
Angsubhakorn et al.
(2002)
Rat, F344 (M)
103 wk
Shivapurkar et al. (1986)

0, 200 mg/kg diet
30 M and 30 F/group

No lung tumours

NS

DDT, not further specified: purity,
NR

0, 500 mg/kg diet
36, 37 rats

Liver cell tumours [benign or
malignant, combined]: 0/35, 9/27

[P = 0.002]

70–75% p,p′-DDT, 20% o,p′-DDT and
0.2–4% p,p′-TDE

0, 500 mg/kg diet
35, 35 rats

Liver cell tumours [benign or
malignant, combined]: 0/32, 15/28

[P < 0.0001]

70–75% p,p′-DDT, 20% o,p′-DDT and
0.2–4% p,p′-TDE

0, 500 ppm in the diet (from
wk 6–12)
30, 35 rats

Liver neoplastic nodules [benign]:
0/18, 1/19

[NS]

p, p′-DDT; purity, 86%
Animals of age ≥ 1 year; weight,
400–500 g

0, 0.05% for 72 wk then fed unsupplemented diet
30, 30 rats

[NS]

DDT, not further specified: purity,
NR
Age NR; weight, > 50–60 g

Rat, Osborne-Mendel (M)
111 wk
NCI (1978)
Rat, Osborne-Mendel (F)
111 wk
NCI (1978)

0, 321, 642 mg/kg diet TWA
for 78 wk
20, 50, 50 rats
0, 210, 420 mg/kg diet TWA
for 78 wk
20, 50, 50 rats

Liver neoplastic nodules [benign]:
2/28, 6/28
HCC: 1/28, 0/28
No significant increase
Adrenal gland pheochromocytoma:
0/19, 0/38, 3/24

P = 0.031 (trend),
Cochran-Armitage
test
* P = 0.032

0, 125, 250, 500 mg/kg diet
38, 30, 30, 38 rats

Rat, MRC Porton (F)
144 wk
Cabral et al. (1982a)

0, 125, 250, 500 mg/kg diet
38, 30, 30, 38 rats

Liver cell tumours [benign or
malignant, combined]: 0/38, 2/30,
4/30, 7/38*

[NS]

P < 0.001 (trend),
* [P < 0.01]

Purity, about 70%; assumed to be
p,p′-DDT
Survival not affected
Purity, about 70%; assumed to be
p,p′-DDT
Survival not affected

78.9% p,p′-DDT, 16.7% o,p′-DDT,
1.6% p,p′-DDE, 0.6% p,p′-TDE, 0.2%
o,p′- DDE, 0.1% o,p′-TDE and 1.9%
unknown
78.9% p,p′-DDT, 16.7% o,p′-DDT,
1.6% p,p′-DDE, 0.6% p,p′-TDE, 0.2%
o,p′- DDE, 0.1% o,p′-TDE and 1.9%
unknown

DDT
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Rat, MRC Porton (M)
144 wk
Cabral et al. (1982a)

Thyroid follicular cell adenoma or
carcinoma (combined): 1/19, 13/45*,
10/43
Thyroid follicular cell adenoma:
1/19, 10/45, 5/43
Thyroid follicular cell carcinoma:
0/19, 4/45, 6/43
Liver cell tumours [benign or
malignant, combined]: 1/38, 0/30,
1/30, 2/38

[NS]
NS

Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Rat, F344/DuCrj (M)
78 wk (satellite
experiment)
Harada et al. (2003)
Rat, F344/DuCrj (F)
78 wk (satellite
experiment)
Harada et al. (2003)
Rat, F344/DuCrj (M)
104 wk
Harada et al. (2003)

0, 5, 50, 500 ppm in the diet
8, 8, 8, 7 rats

Hepatocellular adenoma: 0/8, 0/8,
0/8, 6/7*

* P < 0.01

p,p′-DDT: purity, > 98%

0, 5, 50, 500 ppm in the diet
8, 8, 7, 8 rats

Hepatocellular adenoma: 0/8, 0/8,
0/7, 1/8

NS

p,p′-DDT: purity, > 98%

* P < 0.05; ** P < 0.01

p,p′-DDT: purity, > 98%

Rat, F344/DuCrj (F)
104 wk
Harada et al. (2003)

0, 5, 50, 500 ppm in the diet
Hepatocellular adenoma: 0/40, 0/40,
(0, 0.17, 1.7, 19.1 mg/kg per day) 5/40*, 22/40**
40, 40, 40, 40 rats
HCC: 0/40, 0/40, 0/40, 14/40*
0, 5, 50, 500 ppm in the diet
Hepatocellular adenoma: 0/40, 0/40,
(0, 0.21, 2.2, 25.2 mg/kg per
0/40, 16/40*
day)
HCC: 0/40, 0/40 0/40, 2/40
40, 40, 40, 40 rats

Co-administration with known carcinogens or modifying factors
Rat, Buffalo (M)
0, 100 ppm in the diet (from
Liver neoplastic nodules [benign]:
82 wk
wk 1–20)
1/14, 3/19
Angsubhakorn et al.
Initiated by a single dose of
(2002)
AFB1 at 5 mg/kg bw by gavage
before DDT treatment for 20
wk
14, 19 rats
Rat, Wistar (M)
0, 500 ppm in the diet (from
Liver neoplastic nodules [benign]:
60 wk
wk 6–12)
9/29, 9/28
Angsubhakorn et al.
Initiated by AFB1 at 4 ppm in
Malignant hepatic tumours: 8/29,
(2002)
the diet for 6 wk before DDT
10/28
treatment
HCC: 6/29, 7/28
35, 43 rats
Cholangiocellular carcinoma: 1/29,
1/28
Hepato-cholangiocellular
carcinoma: 1/29, 2/28

* P < 0.01
* P < 0.01
NS (see comments)

p,p′-DDT: purity, > 98%
The Working Group considered
that the incidence of hepatocellular
adenoma or carcinoma (combined)
[16–18/40] was significantly
increased in the high-dose group

NS

p, p′-DDT: purity, 86%

[NS]

p, p′-DDT: purity, 86%
Animals of age ≥1 year; weight,
400–500 g

[NS]
[NS]
[NS]
[NS]
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Table 3.1 (continued)

Table 3.1 (continued)
Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Rat, Wistar (M)
40 or 52 wk
Nishizumi (1979)

0, 1.25 mg/rat by gavage, twice
per wk for 12 wk
Initiated by NDEA at 50 ppm
in drinking-water for 2 wk
before DDT treatment 1 wk
after. The animals were killed
at weeks 40 or 52
10, 10, 10, 10 rats
0, 0.05% in the diet
Initiated by AAF at the dose of
0.02% in diet for 18 days, then
1 wk later were treated with
DDT
120, 120 rats
0, 0.05% in the diet for 72 wk
then fed un-supplemented diet
Initiated by single i.p. injection
of NDEA at 200 mg/kg bw
before DDT treatment
30, 30 rats

Liver tumours at 40 wk (> 5 mm):
0/8, 1/6
Liver tumours at 52 wk (> 5 mm):
0/8, 3/8

[NS]

Purity, NR

Hepatocellular adenoma or
carcinoma (combined): 31/108,
77/103

[P < 0.0001]

Technical-grade: 70% p,p′-DDT,
12% o,p′-DDT, 3% p,p′-TDE and 15%
p,p′-DDE

[NS]

DDT, not further specified: purity,
NR
Age NR; weight, > 50–60 g

Rat, Sprague- Dawley (M)
389 days
Peraino et al. (1975)

Rat, F344 (M)
103 wk
Shivapurkar et al. (1986)

Rat, F344 (M)
43 wk
Kushida et al. (2005)

Liver neoplastic nodules [benign]:
3/28, 1/28
HCC: 18/28, 28/28
Cholangioma or
cholangiocarcinoma (combined):
0/28, 6/28
0, 0.005, 0.5, 500 ppm in the
Hepatocellular adenoma: 11/20,
diet
13/20, 10/20, 18/18*
Initiated by two i.p. injections
Multiplicity: 1.10, 0.95, 1.10, 11.44*
of NDEA at 100 mg/kg bw with tumours/rat
a 1-wk interval before DDT
HCC: 12/20, 7/20, 13/20, 18/18*
treatment
Multiplicity: 1.00, 0.50, 0.90, 28.67*
20, 20, 20, 20 rats
tumours/rat
Hepatocellular adenoma or HCC
(combined): 15/20, 14/20, 17/20,
18/18*
Multiplicity: 2.10, 1.45, 2.00, 40.11*
tumours/rat

[NS]

[P < 0.0001]
[P < 0.02]
* [P < 0.002]

p,p′-DDT: purity, > 98%

* P < 0.01, Dunnett’s
test
* [P < 0.01]
* P < 0.01, Dunnett’s
test
* [P < 0.05]
* P < 0.01, Dunnett’s
test
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Species, strain (sex)
Duration
Reference
Full carcinogenicity
Hamster, Syrian golden
(M)
120 wk
Cabral et al. (1982b)
Hamster, Syrian golden (F)
120 wk
Cabral et al. (1982b)

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

0, 125, 250, 500 mg/kg diet
40, 30, 31, 40 hamsters

Adrenal cortex tumours (mostly
adenomas): 3/40, 4/30, 6/31, 8/39

[P = 0.04 (trend)]

0, 125, 250, 500 mg/kg diet
40, 30, 29, 40 hamsters

Adrenal cortex tumours (mostly
adenomas): 0/39, 0/28, 1/28, 3/40

[NS]

78.9% p,p′-DDT, 16.7% o,p′-DDT,
1.6% p,p′-DDE, 0.6% p,p′- TDE, 0.2%
o,p′-DDE, 0.1% o,p′-TDE and 1.9%
unknown
78.9% p,p′-DDT, 16.7% o,p′-DDT,
1.6% p,p′-DDE, 0.6% p,p′- TDE, 0.2%
o,p′-DDE, 0.1% o,p′-TDE and 1.9%
unknown
70–75% p,p′-DDT, 20% o,p′-DDT and
0.2–4% p,p′-TDE

0, 1000 mg/kg diet
Adrenal gland tumours (mainly
Hamster, Syrian golden
31, 35 hamsters
cortical adenoma): 8/31, 14/35
(M)
120 wk
Rossi et al. (1983)
Hamster, Syrian golden (F) 0, 1000 mg/kg diet
Adrenal gland tumours (mainly
120 wk
42, 36 hamsters
cortical adenoma): 2/42, 10/36
Rossi et al. (1983)
Hamster, strain NR (M)
0, 250, 500, 1000 mg/kg diet
Lymphosarcoma: 50.0%, 22.7%,
18 months
30, 30, 30, 30 hamsters
13.0%, 0%
Graillot et al. (1975)
Hamster, strain NR (F)
0, 250, 500, 1000 mg/kg diet
Lymphosarcoma: 41.0%, 17.4%, 0%,
18 months
30, 30, 30, 30 hamsters
0%
Graillot et al. (1975)
Co-administration with known carcinogens or modifying factors
Hamster, Syrian golden
0, 500 ppm in the diet for 30
Hepatocellular adenoma: 1/15, 1/15
(M)
wk
31 wk
Initiated by i.p. injection of
Tanaka et al. (1987)
NDMA at 6 mg/kg bw, then
DDT 1 wk after
15, 15 hamsters

[NS]

[P < 0.01]

70–75% p,p′-DDT, 20% o,p′-DDT and
0.2–4% p,p′-TDE

NS (for increase)

Technical-grade DDT: 70% p,p′-DDT
No other tumour types observed

NS (for increase)

Technical-grade DDT: 70% p,p′-DDT
No other tumour types observed

[NS]

Purity, NR
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Table 3.1 (continued)

Table 3.1 (continued)
Species, strain (sex)
Duration
Reference
Full carcinogenicity
Monkey, cynomolgus and
rhesus (M+F)
Up to 304 mo
Takayama et al. (1999)

DDD (TDE)
Full carcinogenicity
Mouse, CF-l (M)
123–124 wk
Tomatis et al. (1974b)

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

0 (control), 20 mg/kg bw in the
diet for 130 mo
17, 24 monkeys

One HCC and one prostatic
adenocarcinoma in two DDT-treated
cynomolgus monkeys; and two
leiomyoma of the uterus and one of
the oesophagus in three other DDTtreated monkeys
No tumours in controls

0, 250 mg/kg diet
100, 60 mice

Hepatomas [benign or malignant,
combined]: 33/98, 31/59
Lung tumours (adenoma or
adenocarcinoma, combined): 53/98,
51/59
Hepatomas [benign or malignant,
combined]: 1/90, 1/59
Lung tumours (adenoma or
adenocarcinoma, combined): 37/90,
43/59
HCC: 2/18, 12/44, 14/50

[P < 0.05]

HCC: 0/20, 2/48, 3/47

NS

Thyroid follicular cell adenoma:
0/19, 11/49*, 9/49*
Thyroid follicular cell carcinoma:
1/19, 6/49, 3/49
Thyroid follicular cell adenoma or
carcinoma (combined): 1/19, 16/49*,
11/49

* [P < 0.05], [P < 0.05
(trend)]
NS

Mouse, CF-l (F)
123–124 wk
Tomatis et al. (1974b)

0, 250 mg/kg diet
90, 60 mice

Mouse, B6C3F1 (M)
90–92 wk
NCI (1978)
Mouse, B6C3F1 (F)
90–93 wk
NCI (1978)
Rat, Osborne-Mendel (M)
111–112 wk
NCI (1978)

0, 411, 822 mg/kg diet TWA for
78 wk
20, 50, 50 mice
0, 411, 822 mg/kg diet TWA for
78 wk
20, 50, 50 mice
0, 1647, 3294 mg/kg diet TWA
for 78 wk
20, 50, 50 rats

Significance

Purity
Comments

p,p′-DDT: purity, NR
Treated: 13 cynomolgus monkeys
and 11 rhesus monkeys
Controls: 9 cynomolgus monkeys
and 8 rhesus monkeys

p,p′-TDE: purity, 99%

[P < 0.0001]
[NS]

p,p′-TDE: purity, 99%

[P < 0.0001]
NS

TDE (principal component,
60%, assumed to be p,p′-TDE; 19
unidentified impurities)
TDE (principal component,
60%, assumed to be p,p′-TDE; 19
unidentified impurities)
TDE (principal component,
60%, assumed to be p,p′-TDE; 19
unidentified impurities)

* P = 0.016
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Species, strain (sex)
Duration
Reference

Route, dosing regimen
No. of animals/group at start

Results
For each target organ: incidence
(%) and/or multiplicity of tumours

Significance

Purity
Comments

Rat, Osborne-Mendel (F)
111–113 wk
NCI (1978)

0, 850, 1700 mg/kg diet for 78
wk
20, 50, 50 rats

Thyroid follicular cell adenoma:
0/19, 6/48, 5/50
Thyroid follicular cell adenoma or
carcinoma (combined): 2/19, 11/48,
6/50

[NS]
NS

TDE (principal component,
60%, assumed to be p,p′-TDE; 19
unidentified impurities)

0, 250 mg/kg diet
100, 60 mice

Hepatoma [benign or malignant,
combined]: 33/98, 39/53

[P < 0.0001]

p,p′-DDE: purity, 99%

0, 250 mg/kg diet
90, 60 mice

Hepatoma [benign or malignant,
combined]: 1/90, 54/55

[P < 0.0001]

p,p′-DDE: purity, 99%

0, 148, 261 mg/kg diet for
78–79 wk
20, 50, 50 mice
0, 148, 261 mg/kg diet for 78
wk
20, 50, 50 mice
0, 437, 839 mg/kg diet TWA for
74–78 wk
20, 50, 50 rats
0, 242, 462 mg/kg diet TWA
for 73–78 wk
19, 50, 50 rats
0, 500, 1000 mg/kg diet
40–47 hamsters

HCC: 0/19, 7/41, 17/47*

* P = 0.001; P = 0.001
(trend), CochranArmitage test
* P < 0.001; P < 0.001
(trend), CochranArmitage test
NS

p,p′-DDE: purity, > 95%; 1 minor
impurity
Survival at 70 wk: 5/20, 35/50, 31/50
p,p′-DDE: purity, > 95%; 1 minor
impurity
Survival at 75 wk: 19/20, 47/50, 28/50
p,p′-DDE: purity, > 95%; 1 minor
impurity

NS

p,p′-DDE: purity, > 95%; 1 minor
impurity

* [P < 0.05]

p,p′-DDE: purity, 99%
Hepatocellular tumours were mostly
carcinomas

0, 500, 1000 mg/kg diet
43–46 hamsters

Hepatocellular adenoma or HCC
(combined): 0/31, 4/26*, 5/24*

* [P < 0.05]

p,p′-DDE: purity, 99%
Hepatocellular tumours were mostly
carcinomas

DDE
Full carcinogenicity
Mouse, CF-1 (M)
123–124 wk
Tomatis et al. (1974b)
Mouse, CF-1 (F)
123–124 wk
Tomatis et al. (1974b)
Mouse, B6C3F1 (M)
92 wk
NCI (1978)
Mouse, B6C3F1 (F)
92–93 wk
NCI (1978)
Rat, Osborne-Mendel (M)
111 wk
NCI (1978)
Rat, Osborne-Mendel (F)
111–112 wk
NCI (1978)
Hamster, Syrian Golden
(M)
120 wk
Rossi et al. (1983)
Hamster, Syrian Golden
(F)
120 wk
Rossi et al. (1983)

HCC: 0/19, 19/47*, 34/48*
Thyroid follicular cell adenoma or
carcinoma (combined): 3/20, 12/49,
10/47
Thyroid follicular cell adenoma or
carcinoma (combined): 2/19, 9/48,
12/48
Hepatocellular adenoma or HCC
(combined): 0/10, 7/15*, 8/24*

AAF, 2-acetylaminofluorene; AFB1, aflatoxin B1; DDD, dichlorodiphenyldichloroethane; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; i.p.,
intraperitoneal; mo, month; NDEA, N-nitrosodiethylamine; NDMA, N-nitrosodimethylamine; NR, not reported; NS, not significant; TWA, time-weighted average; wk, week
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Table 3.1 (continued)

DDT
Groups of 30–32 male and 30–32 female CF-1
mice (age, 4 weeks) were fed diets containing
p,p′-DDT (purity, > 99.5%) at a concentration
of 0, 50, or 100 mg/kg for 2 years. A control
group consisted of 47 males and 47 females. A
significant increase in the incidence of liver cell
tumours (including simple nodular growth of
parenchymal cells and areas of papilliform and
adenoid growth of tumour cells) [benign or
malignant hepatocellular tumours] was observed
in all groups of treated males [P < 0.05] and
females [P < 0.01] (Walker et al., 1973).
In a subsequent study, 30 male and 30 female
CF-1 mice (age, 4 weeks) were fed a diet containing
p,p′-DDT (purity, > 99.5%) at a concentration of
100 mg/kg for 110 weeks. Forty five males and 44
females served as controls. The mice were killed
when the intra-abdominal masses reached a size
that caused the mice to become anorexic or clinically affected. A significant increase (P < 0.01) in
the incidence of liver tumours (including simple
nodular growth of parenchymal cells, and areas of
papilliform and adenoid growth of tumour cells)
[benign or malignant, combined] (23/30 treated
males and 26/30 treated females compared with
11/45 male and 10/44 female controls, respectively) was observed within 26 months (Thorpe
& Walker, 1973).
Groups of 30 male and 30 female Swiss inbred
mice (age, 6–8 weeks) were given diet containing
technical-grade DDT at 100 mg/kg or a daily
dose of DDT of 0.25 mg by gavage in olive oil for
80 weeks. Groups of 30 male and 30 female mice
served as untreated controls. Survival and bodyweight gains were not affected by treatment. The
incidence of malignant lymphoma was increased
in males (feeding, 8/27 [P < 0.05]; gavage, 6/24
[not significant]; controls, 2/26) and females
(feeding, 8/22 [P < 0.05]; gavage, 8/24 [not significant]; controls, 2/20) (Kashyap et al., 1977). [The
Working Group noted the inadequate number of
animals used and lack of vehicle controls.]
Groups of 50 male and 50 female B6C3F1
mice (age, 6 weeks) were fed diets containing

technical-grade DDT for 78 weeks and were then
held for 14 (male) or 15 (female) additional weeks
before termination. Groups of 20 mice were fed
a control diet for 91 (male) or 92 (female) weeks.
Initially, males received diets containing DDT
at 10 or 20 mg/kg and females received diets
containing DDT at 50 or 100 mg/kg; after 9 weeks,
these concentrations were gradually increased
up to 25 and 50 mg/kg for males and 100 and
200 mg/kg for females because of the absence
of toxicity. The time-weighted average dietary
concentrations were 22 and 44 mg/kg for males
and 87 and 175 mg/kg of diet for females. Survival
in all groups of male mice was poor, possibly due
to fighting. Survival of male mice at week 70 was
12/20 among controls, 20/50 at the lower dose,
and 37/50 at the higher dose; terminal survival
of female mice was 20/20 among controls, 45/50
at the lower dose, and 36/50 at the higher dose.
There was no difference in body-weight gain
between treated and control mice. The incidence
of malignant lymphoma was increased only in
females (males: controls, 0/19; lower dose, 2/49;
higher dose, 1/50 (not significant); females:
controls, 0/20; lower dose, 3/49; higher dose, 7/46
(P = 0.026, trend test) (NCI, 1978). [The Working
Group noted the small number of controls, and
that females received doses that were four times
higher than those for males.]
Ninety male BALB/c mice [age, 8–10 weeks]
were fed diets containing DDT (purity, 99%;
Aldrich [The Working Group was unable to
determine whether this was p,p′-DDT or technical-grade DDT]). The control group contained
90 male mice. Ten mice were killed after 2, 4,
and 8 weeks of exposure to DDT at 175 ppm. The
DDT concentration was lowered to 125 ppm and
6 mice were killed at 16 weeks because of toxicity.
Due to increasing mortality, the DDT concentration was lowered to 100 ppm and 4 mice were
killed at 24, 36, and 52 weeks, and 12 mice at
75 weeks. Ten mice from the control group were
killed after 2, 4, 8, 16, 24, 36, and 52 weeks, and
20 mice were killed after 75 weeks. The incidence
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of hepatocellular adenoma was: controls, 0/10;
DDT, 1/4 at 52 weeks; and controls, 2/36; treated,
4/12 [P < 0.03] at 75 weeks. The incidence of HCC
was: controls, 1/36; treated, 2/12 at 75 weeks. The
incidence of hepatocellular adenoma or carcinoma (combined) was: controls, 3/36; treated,
5/12 [P < 0.02] at 75 weeks (Lipsky et al., 1989).
Six groups of 60 male and 54–60 female CF-1
mice (age, 9–10 weeks) were fed diets containing
technical-grade DDT [purity not reported] at a
concentration of 250 ppm for 15 or 30 weeks. Three
control groups of 70–98 males and 69–90 females
were fed a normal diet. The mice were killed at
65, 95, or 120 weeks. For the control groups, the
incidences of hepatoma [not further classified] in
males were 12/70 at 65 weeks, 24/83 at 95 weeks,
and 33/98 at 120 weeks, and in females were 0/69
at 65 weeks, 0/72 at 95 weeks, and 1/90 at 120
weeks. For the 15-week treatment groups, there
was no increase in the incidence of hepatoma in
males, and for females the incidences were 3/60
at 65 weeks [not significant], 11/60 at 95 weeks
[P < 0.01], and 5/60 at 120 weeks [P < 0.05]. For
the 30-week treatment groups, the incidences
of hepatoma for males were 38/60 at 65 weeks
[P < 0.01], 41/60 at 95 weeks [P < 0.01], and 37/60
at 120 weeks [P < 0.01], and for females were 4/54
at 65 weeks [P < 0.05], 11/55 at 95 weeks [P < 0.01],
and 11/54 at 120 weeks [P < 0.01] (Tomatis et al.,
1974a).

3.1.2 Skin application
Groups of 30 male and 30 female Swiss inbred
mice (age, 6–8 weeks) were given technical-grade
DDT as a dose of 0.25 mg in 0.1 mL olive oil twice
per week by skin application for 80 weeks. Groups
of 30 males and 30 females served as untreated
controls. Survival and body-weight gains were
not affected by treatment, and no increase in
tumour incidence was observed (Kashyap et al.,
1977).
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3.1.3 Subcutaneous injection
Groups of 30 male and 30 female Swiss inbred
mice (age, 6–8 weeks) received technical-grade
DDT at a dose of 0.25 mg by subcutaneous injection in 0.1 mL of olive oil twice per month for 80
weeks. Groups of 30 males and 30 females served
as untreated controls. Survival and body-weight
gain were not affected by treatment. The incidence
of liver cell carcinoma was 7/26 [P = 0.0123] in
treated females and 0/20 in control females, and
3/28 [not significant] in treated males and 1/26 in
control males (Kashyap et al., 1977).

3.1.4 Co-administration with known
carcinogens or other modifying factors
Groups of 30 male B6C3F1 mice (age, 8
weeks) were given drinking-water containing
N-nitrosodiethylamine (NDEA) at a concentration of 20 ppm for 14 weeks. After 4 weeks, the
mice were fed diets containing technical-grade
DDT (purity, 97.6%) at either 0 or 50 ppm for 25
weeks. At 43 weeks, the number of DDT-treated
mice with hepatocellular adenoma or carcinoma
(combined) was non-significantly increased
compared with controls (NDEA, 8/20; NDEA/
DDT, 14/21) (Williams & Numoto, 1984).
Groups of 39 and 16 female dd mice [age not
reported; weight, 22–25 g] were fed DDT [not
further specified, purity unspecified] at a concentration of 0 (control) or 100 ppm for 8 weeks
(termination of the experiment). One week after
the DDT treatment was started, a thread impregnated with 3-methylcholanthrene was inserted
into the uterus and removed after 4 weeks. The
incidence of carcinoma of the cervical epithelium
was increased in DDT-treated mice compared
with controls (controls, 0/39; DDT, [about 20%;
3/16, estimated; P < 0.03]) (Uchiyama et al., 1974).

DDT

3.2 Rat
3.2.1 Oral administration
In two long-term studies started at an
interval of 1 year, a total of 192 male and female
Osborne-Mendel rats (age, 3 weeks) received diets
containing technical-grade DDT, as a powder or
as a solution in corn oil, at various concentrations
from 100 to 800 ppm for 24 months. A total of 36
male and female rats served as controls (corn oil
only). Tumour incidences for all treated groups for
both studies were pooled. Among the 81 treated
rats that survived at least 18 months, four had
“low-grade” HCCs (measuring 0.5–1.2 cm), and
11 had nodular adenomatoid hyperplasia (liver
nodules measuring up to 0.3 cm [adenomas]). No
liver tumours were found in 20 rats in the control
group (Fitzhugh & Nelson, 1947). [The Working
Group noted the inadequate reporting and that
incidences for both studies were pooled, which
made the study impossible to interpret.]
In a re-analysis of one of the two studies by
Fitzhugh & Nelson (1947) (see above), Reuber
(1978) reported that groups of 12 male and 12
female Osborne-Mendel rats (age, 3 weeks) were
given diets containing technical-grade DDT (as
a powder or as a solution in corn oil) at a concentration of 0, 200, 400, 600, or 800 ppm for 2 years.
Tumour incidences for groups of treated rats
were pooled. Hepatocellular carcinomas were
present in 6 out of 21 male rats, liver neoplastic
nodules [adenomas] in 4 out of 21 male rats, and
a Küpffer cell sarcoma in 1 out of 21 male rats
receiving DDT that survived for 84 weeks or
longer. None of the five male rats in the control
group had hepatocellular neoplasms. Neoplasms
of the liver (all types) were seen in 11 out of 21
exposed male rats (54% [P < 0.05]). Half of the 12
liver neoplasms developed in male rats receiving
DDT at 800 ppm. Four out of 12 (36%) exposed
female rats (DDT concentration, 200–600 ppm)
and 0 out of 6 female control rats that survived
for 84 weeks or longer developed HCCs. Fourteen

out of 50 male rats receiving DDT, and 0 of 6
male control rats that survived for 52 weeks or
longer developed lymphosarcoma. Carcinomas
of the ovary were seen in 11 out of 12 females
(92% [P = 0.0004]) receiving DDT for 89 weeks
or longer, compared with 0 of 6 controls (Reuber,
1978). [The Working Group noted the inadequate
reporting, and that incidences in treated groups
were pooled, which made the study difficult to
interpret.]
In two studies of similar design reported
by the same institute, groups of 30 male and 30
female Osborne-Mendel rats [age not reported]
were exposed to diets containing DDT [not
further identified, purity unspecified] at a
concentration of 0 or 80 ppm from weaning
for 2 years in the first study (Radomski et al.,
1965), and to DDT [not further identified, purity
unspecified] at a concentration of 0 or 200 ppm
from weaning for up to 27 months in the second
study (Deichmann et al., 1967). In the first study,
undifferentiated bronchogenic carcinomas were
seen in 2 out of 60 rats in the control group (male
and females combined), and in 8 out of 60 rats
(males and females combined) fed DDT at 80
ppm [P < 0.05]. In the second study, no tumours
of the lung were observed.
Four groups of 36 or 37 male and 35 female
outbred Wistar rats (age, 7 weeks) were fed diets
containing technical-grade DDT at a concentration of 0 or 500 mg/kg of diet until age 152 weeks.
Survival was not affected by the treatment. Bodyweight gains were decreased [by 10–20%] in the
treated groups when compared with the controls.
The average dose of DDT was 34.1 mg/kg bw
per day in males and 37.0 mg/kg bw per day
in females. The incidence of liver cell tumours
[benign or malignant, combined] was increased
in treated males (9/27; controls, 0/35) [P = 0.002]
and females (15/28; controls, 0/32) [P < 0.0001]
(Rossi et al., 1977).
Groups of 50 male and 50 female OsborneMendel rats (age, 7 weeks) were fed diets
containing technical-grade DDT for 78 weeks
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and killed at 111 weeks. The initial concentrations
of DDT were 420 or 840 mg/kg diet for males and
315 or 630 mg/kg diet for females. In females,
these concentrations were decreased (after 26
weeks) to 158 and 315 mg/kg diet for females
when signs of toxicity (tremors) appeared. In
males, these concentrations were increased (after
12 weeks) to 500 and 1000 mg/kg diet, and then
decreased (after 14 weeks) to 250 and 500 mg/kg
diet (because of the signs of toxicity observed in
females at the same time). The time-weighted
average concentrations were 321 and 642 mg/kg
diet for males and 210 and 420 mg/kg diet for
females. Groups of 20 males and 20 females
received a control diet. Compound-related mean
body-weight depression was observed in male
and female rats at the higher dose. Survival was
not affected by the treatment. In females, there
was a significant positive trend in the incidence
of pheochromocytoma of the adrenal gland (0/19,
0/38, 3/24; P = 0.031) and a significant increase in
the incidence of thyroid follicular cell adenoma
or carcinoma (combined) at the lower dose (1/19,
13/45, 10/43; P = 0.032). There was no increase in
the incidence of tumours that could be attributed
to treatment with DDT in males (NCI, 1978).
[The Working Group noted the small number
of controls, and that dose levels were changed
during the course of the study.]
Groups of 38 male and 38 female MRC
Porton rats (age, 6–7 weeks) were fed a control
diet or a diet containing technical-grade DDT
at 500 mg/kg for 144 weeks. Additional groups
of 30 male and 30 female rats were fed diets
containing DDT at 125 or 250 mg/kg. Survival
and body-weight gains were not significantly
different between treated and control groups;
survival at 80 weeks was > 70% in all groups
except males at the highest dose (61%). The incidence of liver cell tumours [benign or malignant,
combined] was significantly increased in female
rats at the highest dose (controls, 0/38; lowest
dose, 2/30; intermediate dose, 4/30; highest dose,
7/38 [P < 0.01]; trend test, P < 0.001). There was
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no significant increase in the incidence of any
neoplasm in males (Cabral et al., 1982a).
Groups of 30 male Fischer 344 rats [age not
reported; weight, 50–60 g] were fed with chow
diet for 5 days, then were fed with chow diet
with or without 0.05% DDT (Aldrich Chemical
Co., [purity unspecified]) for 72 weeks, then fed
un-supplemented diet until week 103. The incidence of liver neoplastic nodules [benign] was
2/28 in the controls, and 6/28 [not significant]
in the group receiving DDT; while the incidence
of HCC was 1/28 in the controls, and 0/28 in the
group receiving DDT (Shivapurkar et al., 1986).
Groups of 30 or 35 male Wistar rats (age,
at least 1 year; weight, 400–500 g) were given
diets containing p,p′-DDT (purity, 86%) at a
concentration of 0 or 500 ppm in experimental
weeks 6–12, and then normal diet until the end
of the study (60 weeks). Only one rat developed
liver neoplastic nodules [benign] (control, 0/18;
DDT, 1/19) (Angsubhakorn et al., 2002). [The
Working Group noted the short duration of the
experiment.]
Groups of 40 male and 40 female F344/DuCrj
rats (age, 5 weeks) were fed diets containing
p,p′-DDT (purity, > 98%) at a concentration
of 0, 5, 50, or 500 ppm for 2 years. p,p′-DDT
intake for males was estimated as 0, 0.17, 1.7 or
19.1 mg/kg per day, and for females was 0, 0.21,
2.2, or 25.2 mg/kg per day. Groups of 20 male
and 20 female F344DuCrj rats were used for a
satellite experiment with 6 males and 6 females
for each dose level killed after 26 and 52 weeks
of treatment, and with all surviving rats killed
after 78 weeks of treatment. After 2 years, males
and females at the highest dose (500 ppm) had
whole body tremors in the late stages of treatment (weeks 70 to 104); however, there were
no significant differences in mortality between
treated and control groups. The mortality rates in
the groups at 0, 5, 50, or 500 ppm at termination
were 5/40, 10/40, 4/40, 7/40 for males, and 7/40,
13/40, 8/40, 7/40 for females, respectively. Mean
body weights of males and females at the highest
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dose were reduced by 12% and 25% during the
study compared with controls, but those of other
dose groups were similar to those of the controls.
The incidences of hepatocellular adenoma at 104
weeks of treatment were significantly increased
in males at 50 and 500 ppm (control, 0/40; 50
ppm, 5/40; 500 ppm, 22/40; P < 0.05 and P < 0.01,
respectively) and females at 500 ppm (control,
0/40; 500 ppm, 16/40; P < 0.01). The incidence
of HCC was also increased in males at 500 ppm
(control, 0/40; 500 ppm, 14/40; P < 0.01), but not
in females (control, 0/40; 500 ppm, 2/40) after
104 weeks of treatment. [The Working Group
considered that the incidence of hepatocellular
adenoma or carcinoma (combined) was significantly increased in treated female rats at 500
ppm.] In the satellite experiment, hepatocellular
adenomas were observed in males and females at
500 ppm after 78 weeks of treatment (males: 6/7
versus 0/8 controls, P < 0.01; and females: 1/8)
(Harada et al., 2003).

3.2.2 Co-administration with known
carcinogens or other modifying factors
Groups of 14 or 19 male Buffalo rats (age, 6
weeks) were given a single oral dose of aflatoxin
B1 (AFB1) at 5 mg/kg bw by gavage, followed by
diet containing DDT (p,p′-DDT; purity, 86%) at
a concentration of 0 or 100 ppm for 20 weeks,
and then normal diet until the end of the study
(82 weeks). Neoplastic nodules [benign] were
observed in the liver (AFB1 group, 1/14; AFB1/DDT
group, 3/19 [not significant]) (Angsubhakorn
et al., 2002).
Groups of 35 or 43 male Wistar rats (age,
at least 1 year; weight, 400–500 g), were given
diets containing AFB1 at a concentration of 4
ppm for 6 weeks, followed by a 6-week exposure
to p,p′-DDT (purity, 86%) at a dose of 0 or 500
ppm, then normal diet until the end of the study
(60 weeks). Neoplastic nodules [benign] were
observed in the liver (AFB1 group, 9/29; AFB1/
DDT group, 9/28 [not significant]). There was a

slight [not significant] increase in the incidence
of malignant hepatic tumours in the AFB1/
DDT-treated group (8/29 AFB1 group; 10/28,
AFB1/DDT group) (Angsubhakorn et al., 2002).
A group of 120 male Sprague- Dawley rats
(age, 22 days) were fed diet containing 2-acetylaminofluorene (AAF) at 0.02% for 18 days. After
a pause of 1 week, the rats were then given diet
containing technical-grade DDT at 0.05% for 389
days. A control group of 120 male rats was given
AAF only. Average daily intake of DDT was estimated to be 50 mg/kg per day (by the 4th to 6th
experimental month) or 20 mg/kg per day (by
the 15th month). The incidence of hepatocellular
adenoma or carcinoma (combined) was increased
by treatment with DDT (AAF group, 31/108; and
AAF/DDT group, 77/103, [P < 0.0001]) (Peraino
et al., 1975).
A group of 30 male Fischer 344 rats [age not
reported; weight, 50–60 g] were fed a chow diet
for 5 days, then were injected with a single intraperitoneal dose of NDEA (200 mg/kg bw), then
fed either the same chow diet as previously or
the chow diet supplemented with 0.05% DDT
(Aldrich Chemical Co., [purity unspecified]) for
72 weeks, then fed un-supplemented diet until
103 weeks. The incidence of hepatic tumours
was increased by treatment with DDT: for liver
neoplastic nodules [benign], there were 3/28 in
the group receiving NDEA compared with 1/28
in the group receiving NDEA/DDT [not significant]; for HCC, there were 18/28 in the group
receiving NDEA compared with 28/28 in the
group receiving NDEA/DDT [P < 0.0001]; and for
cholangioma or cholangiocarcinoma (combined),
there were 0/28 in the group receiving NDEA
compared with 6/28 in the group receiving
NDEA/DDT [P < 0.02] (Shivapurkar et al., 1986).
Four groups of 10 male Wistar rats (age, 28
days) received drinking-water containing NDEA
at a concentration of 50 ppm for 2 weeks, and (1
week later) were given DDT (Nakarai Chemical
Co., Kyoto; [purity unspecified]) at a dose of 0
or 1.25 mg/rat (a solution of 0.1 mL of 1.25%
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DDT) by gavage twice per week for 12 weeks.
The rats were killed at 40 or 52 weeks. The incidence of liver tumours (> 5 mm) was 0/8 in the
group receiving NDEA and 3/8 [not significant]
in the group receiving NDEA/DDT at 52 weeks
(Nishizumi, 1979).
Groups of 20 male F344 rats (age, 6 weeks)
received two intraperitoneal injections of NDEA
(100 mg/kg bw) with a 1-week interval, and then
were fed diets containing p,p′-DDT (purity, > 98%)
at a dose of 0 (control), 0.005, 0.5, or 500 ppm for
43 weeks. Final body weights were significantly
decreased in the group receiving DDT at 500
ppm for 43 weeks compared with controls. Rats
fed DDT at 500 ppm had significantly increased
incidences and multiplicities of hepatocellular
tumours. Tumour incidences and multiplicities
were as follows: incidences of hepatocellular
adenoma, 11/20 in NDEA controls, 13/20 in the
group receiving DDT at 0.005 ppm, 10/20 at 0.5
ppm, and 18/18 at 500 ppm [P < 0.002]; the multiplicities of hepatocellular adenoma were 1.10,
0.95, 1.10, and 11.44 tumours per rat (P < 0.01);
incidences of HCC were 12/20 in NDEA controls,
7/20 in the group receiving DDT at 0.005 ppm,
13/20 at 0.5 ppm, and 18/18 at 500 ppm [P < 0.01];
multiplicities of HCC were 1.00, 0.50, 0.90,
and 28.67 tumours per rat (P < 0.01); the incidence of hepatocellular adenoma or carcinoma
(combined) were 15/20 in NDEA controls, 14/20
in the group receiving DDT at 0.005 ppm, 17/20
at 0.5 ppm, and 18/18 at 500 ppm [P < 0.05]; and
the multiplicities of of hepatocellular adenoma
or carcinoma (combined) were 2.10, 1.45, 2.00,
and 40.11 tumours per rat (P < 0.01) (Kushida
et al., 2005).

3.3 Hamster
3.3.1 Oral administration
Groups of 30–40 male and 29–40 female
outbred Syrian golden hamsters (age, 5 weeks)
were fed diets containing technical-grade DDT
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at a concentration of 0, 125, 250, or 500 mg/kg.
Survival of the treated hamsters at 52 weeks was
similar to that of controls. The study was terminated at 120 weeks, when the last survivor was
killed. There was no significant difference in
tumour incidence between treated groups and
controls; however, a significant positive trend
was observed for the incidence of tumours of
the adrenal cortex (mostly adenomas) in males
(controls, 3/40; lowest dose, 4/30; intermediate
dose, 6/31; and highest dose, 8/39; [P for trend,
0.04]), but not in females (controls, 0/39; lowest
dose, 0/28; intermediate dose, 1/28; and highest
dose, 3/40) (Cabral et al., 1982b).
Groups of 45 or 48 male and 46 or 48 female
Syrian golden hamsters (age, 8 weeks) were
fed diets containing technical-grade DDT at a
concentration of 0 or 1000 mg/kg until age 128
weeks. Survival was 60% or greater in all groups
at 80 weeks. Tumours of the adrenal gland
(mainly cortical adenoma) occurred in 14/35
treated males compared with 8/31 male controls
[not significant], and in 10/36 treated females
compared with 2/42 female controls [P < 0.01]
(Rossi et al., 1983).
Groups of 30 male and 30 female hamsters
[strain unspecified; age at start, ~1 month] were
given diets containing technical-grade DDT at
a concentration of 0, 250, 500, or 1000 mg/kg
for 18 months. No difference in body-weight
gains between groups was observed. Mean
survival time ranged, respectively, from 13.0
and 14.9 months in the male and female control
groups, to 17.3 and 17.1 months in the groups of
males and females at the highest dose. The incidence of lymphosarcoma was reduced from 50%
in male controls and 41% in female controls to
0% in groups of males and females at the highest
dose. No other tumour types were observed
(Graillot et al., 1975).
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3.3.2 Co-administration with known
carcinogens or other modifying factors
Groups of 15 male Syrian golden hamsters
(age, 6 weeks) were fed diets containing DDT
at a concentration of 0 or 500 ppm (Nakarai
Chemical Co., Osaka; [purity unspecified]) for
30 weeks. One week before DDT treatment, the
hamsters were given an intraperitoneal injection
of N-nitrosodimethylamine (NDMA) at 6 mg/kg
bw. Hepatocellular adenomas were observed,
but the incidence was not increased in hamsters
treated with DDT (NDMA, 1/15; NDMA/DDT,
1/15) (Tanaka et al., 1987).

3.4 Monkey
Oral administration
A group of 13 cynomolgus monkeys and 11
rhesus monkeys (male and female newborns)
were given diets containing p,p′-DDT (Aldrich
Chemical Co., [purity not specified]) at a dose
of 20 mg/kg bw for 130 months, followed by a
control diet (without DDT). A control group of
9 cynomolgus monkeys and 8 rhesus monkeys
received only the control diet. The monkeys were
observed for up to 304 months. One HCC and
one prostatic adenocarcinoma were reported in
two DDT-treated cynomolgus monkeys. Two
leiomyoma of the uterus and one of the oesophagus were reported in three other DDT-treated
monkeys. No tumours were observed in the
controls (Takayama et al., 1999).

3.5 Carcinogenicity of metabolites
of DDT
3.5.1 DDD
(a)

Mouse

Groups of 60 male and 60 female CF-1 mice
(age, 6–7 weeks) were fed a diet containing
p,p′-TDE [p,p′-DDD] (purity, 99%) at a

concentration of 250 mg/kg until age 130 weeks;
100 males and 90 females served as controls. The
incidence of hepatoma [benign or malignant,
combined] was significantly increased in treated
males (control, 33/98 (34%); treated, 31/59 (52%);
[P < 0.05]), and the incidence of lung tumours
(adenoma or adenocarcinoma, combined) was
significantly increased in males and females
compared with controls (male controls, 53/98
(53%); treated, 51/59 (86%) [P < 0.0001]; female
controls, 37/90 (41%); treated, 43/59 (73%)
[P < 0.0001] (Tomatis et al., 1974b).
Groups of 50 male and 50 female B6C3F1 mice
(age, 6 weeks) were fed diets initially containing
technical-grade TDE (principal component,
60%; assumed to be p,p′-TDE [p,p′-DDD]; 19
unidentified impurities) at a concentration of 0,
315, or 630 mg/kg. The dietary concentrations of
TDE were increased to 425 and 850 mg/kg due
to lack of toxicity. The mice were fed DDT for
78 weeks and were killed at 90–93 weeks. The
time-weighted average dietary concentrations of
TDE were 411 and 822 mg/kg of diet. Additional
groups of 20 males and 20 females were fed a
control diet. Body-weight gain of treated females
was reduced (beginning experimental week 30).
Survival was not affected by treatment; terminal
survival in males was 13/20 in the controls, 30/50
at the lower dose, and 27/50 at the highest dose;
and in females was 18/20 in the controls, 41/50
at the lower dose, and 44/50 at the highest dose.
There was no significant increase in the incidence
of tumours (NCI, 1978). [The Working Group
noted the small number of controls, and changes
in dosing during the study.]
(b)

Rat

Groups of 50 male and 50 female OsborneMendel rats (age, 7 weeks) were fed diets
containing technical-grade TDE [p,p′-] (principal component, 60%; assumed to be p,p′-TDE
[p,pʹ-DDD]; 19 unidentified impurities) for 78
weeks and were killed at 111–113 weeks. The
initial dietary concentrations of TDE for male
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rats of 1400 or 2800 mg/kg were increased to
1750 or 3500 mg/kg due to lack of toxicity.
Females received diets containing TDE at 850
or 1700 mg/kg of diet throughout the study. The
time-weighted average concentrations given to
males were 1647 or 3294 mg/kg of diet. Additional
groups of 20 males and 20 females were fed a
control diet. Body-weight gains were substantially
reduced in rats at the higher dose and somewhat
reduced in rats at the lower dose compared with
controls. Survival was not affected by treatment.
Increased incidences of follicular cell adenoma
of the thyroid gland were seen in males and
females (males: controls, 0/19; lower dose, 11/49
[P < 0.05]; higher dose, 9/49 [P < 0.05]; [trend,
P < 0.05]; female: controls, 0/19; lower dose, 6/48
[not significant]; higher dose, 5/50 [not significant]), and significance was reached for follicular
cell adenoma or carcinoma (combined) only in
males at the lower dose (males: controls, 1/19;
lower dose, 16/49 (P = 0.016); higher dose, 11/49;
females: controls, 2/19; lower dose, 11/48; higher
dose: 6/50) (NCI, 1978). [The Working Group
noted the small number of controls, and the
changes in dosing for males during the study.]

3.5.2 DDE
(a)

Mouse

A group of 60 male and 60 female CF-1
mice (age, 6–7 weeks) was fed a diet containing
p,p′-DDE (purity, 99%) at a concentration of
250 mg/kg until age 130 weeks. The control
group comprised 100 males and 90 females.
An increased incidence of hepatoma [benign or
malignant, combined] was found in treated males
and treated females compared with controls (male
controls, 33/98 (34%); treated males, 39/53 (74%)
[P < 0.0001]; female controls, 1/90 (1%); treated
females, 54/55 (98%) [P < 0.0001]) (Tomatis et al.,
1974b).
Groups of 50 male and 50 female B6C3F1
mice (age, 6 weeks) were fed diets containing
p,p′-DDE (purity, > 95%; one minor impurity)
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for 78–79 weeks and were killed at 92–93 weeks.
The initial dietary concentrations of 125 (lower
dose) or 250 mg/kg (higher dose) were increased
during the study to 150 or 300 mg/kg due to lack
of toxicity. When toxicity became apparent, the
concentrations in the diet were held constant, but
the higher-dose diets were replaced by control
diet every fifth week for the duration of the treatment period. The time-weighted average dietary
concentrations were 148 and 261 mg/kg of diet
for the groups at the lower and higher dose,
respectively. Control groups of 20 males and 20
females were fed a control diet. Body-weight gain
was reduced in treated females compared with
controls. At 70 weeks, survival in males was 5/20
in controls, 35/50 at the lower dose, and 31/50 at
the higher dose; at 75 weeks, survival in females
was 19/20 in controls, 47/50 at the lower dose,
and 28/50 at the higher dose. The incidences of
HCC were significantly increased in males (0/19
in controls, 7/41 at the lower dose, and 17/47 at
the higher dose; P = 0.001 for trend and for the
group at the higher dose) and females (0/19 in
controls, 19/47 at the lower dose, and 34/48 at the
higher dose; P < 0.001 for the groups at the lower
dose, higher dose, and for trend) (NCI, 1978).
[The Working Group noted the small number of
controls, the low survival of male controls, and
the changes in dosing during the study.]
(b)

Rat

Groups of 50 male and 50 female OsborneMendel rats (age, 7 weeks) were fed diets
containing p,p′-DDE (purity, > 95%; one minor
impurity) for 73–78 weeks and were killed at
111–112 weeks. The initial dietary concentrations of 675 or 1350 mg/kg for male rats, and of
375 or 750 mg/kg for females were reduced to
338 or 675 mg/kg of diet for males and 187 or
375 for females due to the onset of toxic signs.
After 32–36 weeks, the higher-dose diets were
replaced by control diet every fifth week for the
duration of treatment period. The time-weighted
average concentrations were 437 and 839 mg/kg
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of diet for males, and 242 and 462 mg/kg of diet
for females. Control groups of 20 males and 20
females were fed a control diet. Body-weight
gains were somewhat reduced in all treated male
and high-dose females compared with controls.
Survival at 92 weeks was 16/20 in controls, 34/50
at the lower dose, and 26/50 at the higher dose in
males, and 20/20 in controls, 42/50 at the lower
dose, and 36/50 at the higher dose in females.
There was no significant increase in tumour incidence in treated males and females (NCI, 1978).
[The Working Group noted the small number of
controls and the changes in dosing during the
study.]
(c)

Hamster

Groups of 40–47 male and 43–46 female
Syrian golden hamsters (age, 8 weeks) were fed a
control diet or a diet containing p,p′-DDE (purity,
99%) at a concentration of 500 or 1000 mg/kg
until age 128 weeks. Survival was 50% or greater
in all groups at 80 weeks. There were significantly
increased incidences [P < 0.05] of hepatocellular
adenoma or carcinoma (combined) [mostly
carcinomas] in both groups of treated males and
females: male controls, 0/10; males at the lower
dose, 7/15; and males at the higher dose, 8/24;
and female controls, 0/31; females at the lower
dose, 4/26; and females at the higher dose, 5/24
(Rossi et al., 1983).

4.

Mechanistic and Other
Relevant Data

4.1 Toxicokinetic data
4.1.1 Absorption, distribution, and excretion
(a)

Humans

p,pʹ-DDT, o,pʹ-DDT, and their metabolites
DDE, p,pʹ-DDD, and o,pʹ-DDD are highly lipophilic compounds. They are expected to be readily

absorbed in exposed humans. The toxicokinetics
of p,pʹ-DDT have been more extensively studied
than those of o,pʹ-DDT. Absorption after inhalation exposure has not been directly measured
experimentally in humans, but uptake has been
estimated to be 100% for the gaseous phase and
44% for the particulate phase (Volckens & Leith,
2003). Uptake from direct dermal exposures to
p,pʹ-DDT has been estimated to be around 10%,
with about an order of magnitude lower for uptake
from contaminated soil (Wester et al., 1990).
Human experimental studies have confirmed
p,pʹ-DDT absorption via the oral route, although
urinary recovery is not complete in the timeframe of the studies because of the long excretion
half-lives of the compounds (Morgan & Roan,
1971; Roan et al., 1971).
p,pʹ-DDT, o,pʹ-DDT, and their metabolites readily distribute through the body via
lymphatic and blood circulation, preferentially
concentrating in lipids due to their high lipophilicity (Morgan & Roan, 1970, 1971). In an
analysis of human autopsy cases, concentrations
of p,pʹ-DDT and DDE were highest in adipose
tissue, with concentrations in blood, liver, and
kidney proportion to their lipid content (Morgan
& Roan, 1970). Levels of p,pʹ-DDT and DDE in
the brain, however, were about an order of magnitude lower than would be expected based on lipid
content alone (Morgan & Roan, 1970). p,pʹ-DDT
and its metabolites have also been detected in
breast milk and cord blood (Galetin-Smith et al.,
1990; Minh et al., 2004), and have been found to
be transported across the placenta to the fetus
(Sala et al., 2001; Vizcaino et al., 2014). Due to
their lipophilicity, p,pʹ-DDT and DDE remain
sequestered in adipose tissue, with a long biological half-lives, estimated to be around 5 years for
p,pʹ-DDT and almost 9 years for DDE (Smith,
1999; Wolff et al., 2000b). Due to these long
half-lives, comprehensive mass-balance studies
have not been performed in humans. Available
data suggest that excretion of p,pʹ-DDT products
after exposure occurs largely via the urine, with
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p,pʹ-DDA (2,2-bis(4-chlorophenyl)-acetic acid)
being the most commonly measured metabolite
(Hayes et al., 1971; Roan et al., 1971). However, the
excretion rate of p,pʹ-DDA may be more closely
related to ongoing exposures than overall body
burden (Roan et al., 1971). On the other hand,
o,pʹ-DDT is rapidly excreted as urinary metabolites (Morgan & Roan, 1974).
(b)

Experimental systems

p,pʹ-DDT, o,pʹ-DDT, and their metabolites DDE, p,pʹ-DDD, and o,pʹ-DDD are readily
absorbed by all experimental animal species
tested after dermal application or ingestion. There
are many more toxicokinetic data on p,pʹ-DDT
than o,pʹ-DDT. No studies were identified in
which p,pʹ-DDT, o,pʹ-DDT, or their metabolites
were administered via inhalation. Several radiolabel studies with p,pʹ-DDT in rats or in vitro have
demonstrated dermal absorption of < 5% after up
to 5 days (Shah & Guthrie, 1983; Reifenrath et al.,
1991; Toś-Luty et al., 2002). In rhesus monkeys,
dermal absorption of p,pʹ-DDT was measured to
be 9–31% in an acetone vehicle and 3–4% in soil
(Wester et al., 1990). Absorption after ingestion
was much greater, with uptake of > 70% measured
in rats given p,pʹ-DDT in vegetable oil (Rothe
et al., 1957; Keller & Yeary, 1980). Because of its
lipophilicity, p,pʹ-DDT is more poorly absorbed
if a non-absorbable vehicle such as mineral oil or
paraffin is used (Keller & Yeary, 1980; Palin et al.,
1982). Most of this p,pʹ-DDT absorption occurs
by way of the intestinal lymphatic system, with
a smaller amount through portal blood (Rothe
et al., 1957; Jandacek et al., 2009). The carrier for
p,pʹ-DDT in lymph is predominatly the lipid core
of chylomicrons (Pocock & Vost, 1974).
After absorption, p,pʹ-DDT and its metabolites DDE and p,pʹ-DDD are readily distributed
to tissues via lymph and blood circulation. In
plasma, p,pʹ-DDT is carried by both lipoproteins
and albumin (Mohammed et al., 1990). The
highest concentrations of p,pʹ-DDT are generally in fat, liver, and brain, consistent with their
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lipophilicity, based on experiments in mice,
rats, and dogs (Finnegan et al., 1949; Woolley &
Talens, 1971; Mühlebach et al., 1991; Tomiyama
et al., 2003, 2004; Tebourbi et al., 2006). In a
study in pregnant rabbits, concentrations of
p,pʹ-DDT and metabolites p,pʹ-DDD and DDE
were higher in the fetus, placenta, uterus, and
ovaries than in maternal plasma, indicating
accumulation in fetal and reproductive tissues
(Hart et al., 1972). Placental and/or lactational
transfer to offspring after maternal exposure to
p,pʹ-DDT has also been demonstrated in other
species, including rats, dogs, and cows, with milk
being a major source of neonatal exposure due
to its lipid content (Woodard et al., 1945; Carter
& Mann, 1949; Finnegan et al., 1949; Woolley &
Talens, 1971).
Excretion of p,pʹ-DDT and o,pʹ-DDT occurs
mainly through the urine, and to a lesser extent,
milk (discussed previously) and faeces. p,pʹ-DDA
is the predominant urinary metabolite after exposure to p,pʹ-DDT or p,pʹ-DDD, and is reported
to account for 85–99% of urinary metabolites
in hamsters (Gold & Brunk, 1983). p,pʹ-DDT in
faeces after oral exposure may represent unabsorbed compound, while p,pʹ-DDT metabolites
in faeces are likely due to biliary excretion (Jensen
et al., 1957). Moreover, there are data indicating
enterohepatic recirculation of p,pʹ-DDA in the
rat (Gingell, 1975). Elimination in experimental
animals is slow, although not as slow as estimated in humans, with most studies expected
to recover only a fraction of the administered
dose. In one radiolabel study in rats, excretion
half-lives (the time estimated to excrete 50% of
the administered dose) were estimated to be 12
days for p,pʹ-DDT, 3 days for p,pʹ-DDD, and 24
days for DDE (Fawcett et al., 1987). In another
study in rats treated with DDE, the total bodyburden half-life was estimated to be 120 days
(Mühlebach et al., 1991). Urinary excretion of
metabolites is also the main pathway of excretion of o,pʹ-DDT, based on experiments in rats,
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but occurs at a faster rate than for p,pʹ-DDT (Feil
et al., 1973; Reif & Sinsheimer, 1975).

4.1.2 Metabolism
(a)

Humans

Based on experiments in humans given
p,pʹ-DDT, DDE, or p,pʹ-DDD via ingestion,
p,pʹ-DDT conversion is primarily to p,pʹ-DDD,
with a smaller amount being dehydrochlorinated to DDE (Hayes et al., 1956, 1971; Morgan &
Roan, 1971; Roan et al., 1971). p,pʹ-DDD readily
degrades through several intermediates to form
p,pʹ-DDA, which is readily excreted in the urine,
while DDE is poorly eliminated and accumulates in lipid-rich tissues (Morgan & Roan, 1971).
Only small amounts (near the limit of detection) of DDE have been detected in the urine of
individuals given p,pʹ-DDT or DDE by ingestion
(concentrations orders of magnitude lower than
the urinary concentrations of p,pʹ-DDA) (Roan
et al., 1971).
Studies in humans fed o,pʹ-DDT showed rapid
metabolism and excretion (Morgan & Roan,
1974). Humans fed o,pʹ-DDD excreted more than
half of the daily dose via the urine each day (Reif
et al., 1974).
(b)

Experimental systems

p,pʹ-DDT is metabolized to multiple intermediates and metabolites generated through
complex reaction pathways. Although the same
basic pathways are thought to exist in various
species, including humans, there may be quantitative differences across species and tissues that
have not yet been fully elucidated. The postulated
metabolism scheme for p,pʹ-DDT is shown in
Fig. 4.1 (based on a review by Smith, 2010).
Reductive dechlorination of p,pʹ-DDT to
p,pʹ-DDD in experimental animals appears to be
primarily catalysed by microsomal cytochrome
P450s (CYPs), and has been measured directly in
vitro as well as inferred indirectly by the ability of
phenobarbital and diphenylhydantoin to induce

excretion (Alary et al., 1971; Fries et al., 1971;
Kitamura et al., 2002). This reaction may also
proceed non-enzymatically, but at a much slower
rate based on experiments in rat liver microsomes and rat blood (Kitamura et al., 2002). The
other fate of p,pʹ-DDT is dehydrochlorination to
DDE, but the catalysis of this reaction is unclear.
While earlier studies suggested that formation of
DDE and p,pʹ-DDD are completely separate pathways (Peterson & Robison, 1964), later studies
suggested that p,pʹ-DDD can also be converted to
DDE (Gold & Brunk, 1982; Kitamura et al., 2002).
However, based on the much smaller amount of
urinary DDE produced after administration of
p,pʹ-DDD when compared with p,pʹ-DDT, most
DDE produced after exposure to p,pʹ-DDT is
likely to be direct conversion from p,pʹ-DDT, at
least at lower exposures (Gold & Brunk, 1982;
Fox et al., 1998).
1-Chloro-2,2-bis(p-chlorophenyl)ethylene
(p,pʹ-DDMU) is thought to be derived from
p,pʹ-DDD, but not DDE (Kitamura et al., 2002).
p,pʹ-DDMU and another downstream intermediate,
1-chloro-4-[1-(4-chlorophenyl)ethenyl]
benzene (p,pʹ-DDNU), may form reactive
epoxide intermediates (Planche et al., 1979; Gold
et al., 1981).
The major urinary metabolite after administration of p,pʹ-DDT is p,pʹ-DDA. p,pʹ-DDA
is produced from p,pʹ-DDD through multiple
potential pathways, principally an acyl chloride intermediate (Cl− p,pʹ-DDA) (Peterson &
Robison, 1964; Gold & Brunk, 1982; Fawcett
et al., 1987). Cl− p,pʹ-DDA may can then either
undergo hydrolysis to form p,pʹ-DDA or acylate
cellular nucleophiles (Gold & Brunk, 1982).
o,pʹ-DDT metabolism has been less extensively studied. Based on studies in rats, the
primary metabolic pathway appears to be
through o,pʹ-DDD to o,pʹ-DDA, with no formation of DDE (Feil et al., 1973; Reif & Sinsheimer,
1975). A postulated metabolism scheme for
o,pʹ-DDT is shown in Fig. 4.2, based on a review
(Smith, 2010).
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Fig. 4.1 Postulated metabolism scheme of p,pʹ-DDT in rats
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Fig. 4.2 Postulated metabolism scheme of o,pʹ-DDT in rats
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4.1.3 Modulation of xenobiotic metabolism
enzymes
No studies in exposed humans were available
to the Working Group.
p,pʹ-DDT transactivated the pregnane X
receptor (PXR) and induced the PXR-mediated
expression of CYP3A4 and CYP2B6 in a
hepatoma cell line (Lemaire et al., 2004).
In male Sprague-Dawley rats exposed to
p,pʹ-DDE (100 mg/kg for 7 days by oral gavage),
liver CYP2B1 and CYP3A1 were induced and
were correlated with CAR and PXR activity in
a receptor transactivation assays (Wyde et al.,
2003; see Section 4.2.1(c)). p,pʹ-DDE (intraperitoneal dose of 0, 20, 60, or 100 mg/kg bw every
other day for 10 days) significantly upregulated
rat hepatic enzymes CYP1A1, CYP2B1, and
uridine
diphosphate-glucuronosyltransferase
(UDPGTs), although CYP1A2 did not change
significantly (Liu et al., 2011, 2014).

4.2 Mechanisms of carcinogenesis
This section summarizes evidence for the six
of ten key characteristics of carcinogens (Smith
et al., 2016) that had adequate data for evaluation, concerning whether DDT modulates receptor-mediated effects; is immunosuppressive;
induces oxidative stress; alters cell proliferation
and death; is genotoxic; and induces chronic
inflammation.

4.2.1 Receptor-mediated effects
(a)
(i)

Exposed humans

Serum hormone levels
In studies of occupationally exposed men,
there were conflicting results regarding associations between p,pʹ-DDT or p,pʹ-DDE and serum
levels of testosterone, sex hormone-binding globulin (SHBG), and estradiol, while there was no
association between p,pʹ-DDT or p,pʹ-DDE and
luteinizing hormone (LH) or follicle-stimulating
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hormone (FSH). For instance, in a cross-sectional study of 59 men employed for 15.8 ± 7.8
(mean ± standard deviation, SD) years (range,
4–34 years) as DDT sprayers or working with
DDT sprayers in malaria vector control in South
Africa, significant positive associations were
found by linear regression analysis between
serum testosterone and p,pʹ-DDT (P = 0.014) and
p,pʹ-DDD (P = 0.050), and between 17β-estradiol (E2) and p,pʹ-DDT (P = 0.001) and p,pʹ-DDD
(P = 0.003) after adjustment for age and SHBG
(Dalvie et al., 2004b). There were no such significant associations for SHBG, and associations
between any of the hormones measured and
o,pʹ-DDT or o,pʹ-DDD, o,pʹ-DDE and p,pʹ-DDD
were also not significant.
In a study of 107 men in Italy who had been
exposed to DDT because of antimalaria spraying
when they were young, p,pʹ-DDT and p,pʹ-DDE
were detectable and quantifiable in 14 men and
106 men, respectively. There were no significant associations between levels of p,pʹ-DDT
and p,pʹ-DDE and serum levels of any of the
hormones (LH, FSH, SHBG, E2, and testosterone)
assessed approximately 50 years after exposure
(Cocco et al., 2004). o,pʹ-DDT and o,pʹ-DDE were
undetectable.
In a group of 137 African-American farmers
(aged 33–88 years; mean, 62 years) from North
Carolina, USA, who reported using DDT in
their work, serum levels of DDE (presumably
p,pʹ-DDE) were not correlated with serum levels
of testosterone, 5α-dihydrotestosterone (DHT),
SHBG, or free testosterone (Martin et al., 2002).
In men and women exposed through habitual
consumption of fish, there were no associations
between p,pʹ-DDT and/or p,pʹ-DDE and sex
steroids, LH and FSH, and thyroid hormones
triiodothyronine, thyroxine, and thyroid-stimulating hormone (T3, T4, and TSH, respectively).
For example, in a study of 110 men (age range,
23–79 years) from Latvia (n = 67; mean age, 48
years) and Sweden (n = 43; mean age, 42 years)
who regularly consumed fish, there were no
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significant associations between plasma levels
of p,pʹ-DDT or p,pʹ-DDE and plasma levels of
free testosterone, LH, FSH, prolactin, TSH, and
total and free T3 and T4 (Hagmar et al., 2001).
Similarly, in 150 regular consumers of fish from
the United States Great Lakes region, DDE was
not significantly correlated with testosterone,
SHBG, free testosterone, SHBG-bound testosterone, dehydroepiandrosterone, estrone sulfate,
LH, and FSH, or the thyroid hormones T3, T4,
and T3 uptake and free T4 index (Persky et al.,
2001). In 51 women (42 were regular consumers
of fish), no significant correlations between DDE
and thyroid hormones were reported. A significant inverse correlation was found between DDE
and estrone sulfate in the serum in a subset of
56 men from this study, but there was again no
correlation between DDE and the other hormones
(Turyk et al., 2006).
In men and women generally exposed
through the environment, there were conflicting
outcomes (both changes in hormone levels and
negative results). In a study of 304 men and 300
women from an area in Brazil heavily polluted
with OCPs, linear regression analysis found a
significant inverse association (P < 0.05) between
testosterone and o,pʹ-DDT, and a borderline
significant inverse association (P < 0.05) between
testosterone and p,pʹ-DDE in the serum of the
men; there was no such association for p,pʹ-DDT
or p,pʹ-DDD (Freire et al., 2014). When p,pʹ-DDE
levels were divided into quartiles, a significant
inverse association with testosterone levels was
found (P for trend, 0.02). In a study of 257 men
(age range, 18–82 years; mean, 42 years) and 436
women (age range, 18–95 years; mean, 42 years)
from the native American Mohawk nation in
the USA, serum levels of DDE [presumably
p,pʹ-DDE] and serum testosterone levels were not
significantly associated (Goncharov et al., 2009).
In peri- or postmenopausal women (n = 77),
there was a significant inverse association
between LH and serum levels of p,pʹ-DDT or
p,pʹ-DDD, and between FSH and serum levels

of p,pʹ-DDD (Freire et al., 2014). There was a
significant inverse association between LH
and p,pʹ-DDE levels across p,pʹ-DDE quartiles (P < 0.001), but no significant associations
between serum organochlorine levels and other
hormones (E2, progesterone, and prolactin) in
peri- or postmenopausal women.
Several studies of populations exposed
through the environment found a positive association between p,pʹ-DDT and/or p,pʹ-DDE and
T3 and/or T4, and in some there was an inverse
association with TSH. However, there were also
several studies that did not find such associations. In a study in Brazil, a significant inverse
association was seen in men between p,pʹ-DDT
and free T4 levels, but not total T3 or TSH (Freire
et al., 2013). In women, in contrast, there was a
positive association between p,pʹ-DDT and free
T4 levels and total T3, while serum o,pʹ-DDT was
also positively associated with free T4 levels.
A large study among participants of the
National Health and Nutrition Examination
Survey (NHANES) in the USA in 1999–2000
(n = 986) and 2001–2002 (n = 1443) reported an
inverse association between serum p,pʹ-DDE and
TSH, but only in women aged 66 years and older
in the 1999–2000 period (Turyk et al., 2007).
When serum levels of p,pʹ-DDE and sex steroid
hormones were compared in a group of 341 men
(age range, 18–51 years) from an infertility clinic
in Boston, USA, no significant associations were
found for testosterone, SHBG, free testosterone,
and E2 (Ferguson et al., 2012). However, when
serum levels of p,pʹ-DDE and thyroid hormones
were compared using multivariate linear regression analysis, there were significant positive associations for total T3 and free T4, and a significant
inverse association for TSH (Meeker et al., 2007).
In 48 men and 66 women (age range, 55–74
years) from a polluted area in the upper Hudson
River area in New York State, USA, there was a
significant (P < 0.05) association between the sum
of p,pʹ-DDT and p,pʹ-DDE and total T4 and total
T3 in women, but not in men, after adjustment
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for several covariates, including other organochlorine exposures (Bloom et al., 2014). TSH and
free T4 levels were not significantly associated
with the sum of p,pʹ-DDT and p,pʹ-DDE in either
sex.
In 834 men and 1212 women (age range,
20–75 years) in a polluted area in east Slovakia,
p,pʹ-DDE levels were positively associated with
those of T3 (r = 0.072; P < 0.01), but not associated with free T4 or TSH (Langer et al., 2007). No
results were presented for p,pʹ-DDT.
There was no association between prenatal
DDT exposure (measured in cord blood) and
thyroid hormone status in newborns. In blood
samples collected during pregnancy from 147
Canadian women, a significant association
between p,pʹ-DDE and total T3 was found, but
not for free T4 or TSH, while there were no
significant associations for p,pʹ-DDT and thyroid
hormones (Takser et al., 2005). In another study
of cord blood, significant inverse associations
with total T4 were found for p,pʹ-DDT, p,pʹ-DDE,
and o,pʹ-DDE, but not for o,pʹ-DDT and p,pʹ-DDD
in samples collected from 39 women in Thailand
(Asawasinsopon et al., 2006). No associations
were found for free T4 or TSH. In a similar study
of 247 women in China, no significant associations found between p,pʹ-DDE and free T3, free
T4, and TSH (Li et al., 2014b). In 259 children
(age, 4 years) in Spain, blood levels of p,pʹ-DDT
and p,pʹ-DDE were not associated with serum
levels of T3, T4, or TSH (Alvarez-Pedrerol et al.,
2008b). No significant correlations have been
reported between cord blood levels of p,pʹ-DDT
and p,pʹ-DDE and TSH levels in 27 newborns (age,
3 days) from the same area in Spain (ÁlvarezPedrerol et al., 2008a). In a cohort of 453 newborns
in the Valencia region of Spain, cord blood levels
of p,pʹ-DDT and p,pʹ-DDE were not associated
with TSH serum levels. In a study of newborns
in another Spanish population, p,pʹ-DDT and
p,pʹ-DDE and TSH levels in the cord blood of 453
babies were not significantly associated (LopezEspinosa et al., 2010). An earlier report from
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the same group of 70 newborns also indicated
the absence of a significant association between
p,pʹ-DDT and p,pʹ-DDE and TSH levels in cord
blood (Ribas-Fitó et al., 2003).
(ii)

Other endocrine-related effects
In a nested case–control study in Spain,
newborns with cryptorchidism and/or hypospadias were compared with boys without
malformations and placental levels of DDT were
measured (Fernandez et al., 2007). The odds
ratio for cryptorchidism and/or hypospadias was
2.17 (95% CI, 0.96–5.00) for o,pʹ-DDT concentration of ≥ LOD, and 2.17 (95% CI, 0.95–5.00)
for p,pʹ-DDT concentration of ≥ LOD, but no
odds ratios specifically for cryptorchidism were
presented. In three nested case–control studies,
no such effect was found: p,p-DDT, p,pʹ-DDE,
p,pʹ-DDD, and o,pʹ-DDT in breast milk was not
correlated with cryptorchidism (Damgaard et al.,
2006). Further, there was no correlation between
cryptorchidism and maternal serum levels of
p,pʹ-DDT and p,pʹ-DDE (Bhatia et al., 2005) and
DDE (Longnecker et al., 2002). [Overall, there
appeared to be no association in humans between
maternal DDT exposure and cryptorchidism in
male offspring.]
One study found no association between DDT
exposure and anogenital distance (Longnecker
et al., 2007). Another study reported an effect on
anogenital distance with maternal serum DDE
levels, but not with DDT levels (Torres-Sanchez
et al., 2008).
In a cross-sectional study of young women
in China, age at menarche was 1.11 years less
(P < 0.001) in women in the fourth quartile of
total serum DDT concentration compared with
the lowest quartile, and a 10 ng/g increase in
serum DDT concentrations was significantly
(P < 0.001) associated with a 0.2 year reduction
in age at menarche (Ouyang et al., 2005). In
contrast, there was no association between the
presence and level of p,pʹ-DDE in serum and
adipose tissues and precocious puberty in a study
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in Turkey of girls with premature breast development (Ozen et al., 2012). [The data indicating
an association between DDT and early menarche
in these and other studies were thus mixed and
potentially confounded by body weight and
growth, which can affect DDT congener levels in
growing girls, and time between menarche and
blood sampling (Wolff et al., 2007).]
Studies on diabetes and obesity are presented
in Section 4.5.
(iii)

Tumour receptor expression
[The Working Group noted the paucity of
data evaluating DDT and receptors in tumours
in humans. Available data concerning an association between o,pʹ-DDT and human epidermal
growth factor receptor 2 (HER2)-positive breast
cancer are presented in Section 4.4.]
(b)
(i)

Human cells in vitro

Estrogen receptor-mediated effects
[The Working Group noted that o,pʹ-DDT
binds to and activates ER in a variety of human
cell types, effects of which are blocked by an
ER antagonist. o,pʹ-DDT is 100–1000 times
less potent in ER binding than estradiol, and
p,pʹ-DDT and DDT metabolites bind ER less
potently than o,pʹ-DDT. Notably, DDT and DDT
metabolite levels in human adipose tissue are
100s to 1000 times higher than in serum (Kanja
et al., 1992; Toppari et al., 1996), while nipple
aspirate estradiol is only 4–45 times higher than
in serum (Petrakis et al., 1987).]
o,pʹ-DDT binds the human ER less potently
than estradiol in a variety of assays: (i) cytosolic
binding assays (Klotz et al., 1996; Scippo et al.,
2004), binding to both ERα and ERβ (Kuiper
et al., 1998), o,pʹ-DDT having greater affinity
for human ERα than for human ERβ (Legler
et al., 2002); (ii) assays with cells transfected with
reporter vectors for ERα and ERβ (Shelby et al.,
1996; Lemaire et al., 2006); (iii) yeast-based assays
in which 4-hydroxy-tamoxifen abrogated the
effect (Klotz et al., 1996; Dhooge et al., 2006); and

(iv) assays of binding to recombinant ERα and
ERβ (Scippo et al., 2004). In MCF-7 cells, nuclear
redistribution of ER was induced by o,pʹ-DDT
at 1 µM (Steinmetz et al., 1996). Some studies
observed relatively strong ER binding (Andersen
et al., 1999) and physiologically relevant ERα
and ERβ transactivation, such as via CAT
(chloramphenicol acetyltransferase) reporter
gene transcription, in MCF-10 and MCF-7 cells
(Shekhar et al., 1997; Lemaire et al., 2006). While
o,pʹ-DDT and p,pʹ-DDT were not inhibitory to
E2-induced ER transactivation in the chemically
activated luciferase expression (CALUX) system
using human osteosarcoma cells (Sonneveld
et al., 2005), o,pʹ-DDT and p,pʹ-DDT stimulated
MCF-7 cells to enter and progress through the
cell cycle in an ER-dependent manner that was
ablated by ER antagonist ICI182,780 (Dees et al.,
1997a; Shekhar et al., 1997).
The human ER, but not the rat ER, also binds
o,pʹ-DDD, o,pʹ-DDE and p,pʹ-DDT (Kelce et al.,
1995; Li et al., 2008). [The Working Group noted
that these data suggest that the human ER is
more permissive of binding by DDT-related
compounds than the ER of other species.]
p,pʹ-DDT is less estrogenic in vitro than o,pʹ-DDT,
showing little if any binding to the human ER
(Danzo, 1997; Kuiper et al., 1998; Scippo et al.,
2004), weak to very weak ER transactivation,
and sometimes no effect (Chen et al., 1997; Li
et al., 2008;). p,pʹ-DDT also stimulated estrogenic
proliferation in these systems (see Section 4.2.6).
o,pʹ-DDE is also less estrogenic than
o,pʹ-DDT, showing weak to very weak binding
to the ER (Zava et al., 1997; Scippo et al., 2004),
weak ER transactivation in MCF-7 and HeLa
cells and yeast systems (Balaguer et al., 1999),
and weak stimulation of MCF-7 cell proliferation (Soto et al., 1995); lack of ER binding and
transactivation have also been reported in Sf9
and human embryonal kidney 293 cells (Kuiper
et al., 1998; Sheeler et al., 2000). p,pʹ-DDE has
even less estrogenic effects, showing weak to no
ER binding, and mostly no ER transactivation in
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MCF-7 cells (Soto et al., 1995; Aubé et al., 2011).
o,pʹ-DDD is also estrogenic, but weaker than
o,pʹ-DDT showing weak to very weak ER binding,
weak ER transactivation, and very weak stimulation of MCF-7 cell proliferation (Klotz et al.,
1996; Aubé et al., 2011). p,pʹ-DDD had hardly any
estrogenic effect, showing weak ER binding, but
no ER transactivation and very weak stimulation
of MCF-7 cell proliferation (Tully et al., 2000;
Lee et al., 2002; Scippo et al., 2004), although
ER transactivation in MCF-7 cells stronger than
o,pʹ-DDT has also been reported, which effect
was abrogated by 4-hydroxy-tamoxifen (Klotz
et al., 1996).
ER antagonist ICI 182,780 blocked the effects
of o,pʹ-DDT and p,pʹ-DDE on induction of PR
and downregulation of ER; these effects were
stronger than interference of Erk activation with
an inhibitor of MEK1 (Silva et al., 2010).
There are data, mostly from studies with
MCF-7 cells in vitro, that DDT and DDE can
also act via non-genomic mechanisms involving
plasma membrane-located ERs that can activate
signalling pathways resulting in rapid responses
(Bratton et al., 2012). In human breast-cancer
cells, o,pʹ-DDE has binding affinity for GPR30
(Thomas et al., 2005). Both o,pʹ-DDE and
p,pʹ-DDT also bind GPR30 in a transformed
human embryonic kidney cell line (Thomas &
Dong, 2006).
(ii)

Effects on aromatase and steroid-hormone
production
Estrogens in humans and other mammals
are formed from precursor androgens by the
enzyme aromatase. p,pʹ-DDE at concentrations
of 50–100 ng/mL caused significant 130–135%
induction of aromatase enzyme activity in
primary human endometrial stromal cells
(Holloway et al., 2005). In contrast, p,pʹ-DDE
inhibited aromatase activity in HEK 239 human
embryonic kidney cells at a concentration of 20
µM (Benachour et al., 2007). No effect of p,pʹ-DDE
was found on aromatase activity in H295R
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human adrenocortical cancer cells at concentrations of 1–10 µM, while o,pʹ-DDT, p,pʹ-DDT, and
o,pʹ-DDE were inhibitory but only at a cytotoxic
concentration of 10 µM (Sanderson et al., 2002).
In human JEG-3 choriocarcinoma cells,
o,pʹ-DDT, p,pʹ-DDT, p,pʹ-DDE, and o,pʹ-DDE at
concentrations as low as 1 ng/mL all increased
progesterone secretion as well as secretion of
human chorionic gonadotropin at concentrations of 10 ng/mL and higher (Wójtowicz et al.,
2007b). In human placental explant cultures,
o,pʹ-DDT, p,pʹ-DDE, and o,pʹ-DDE, but not
p,pʹ-DDT, increased progesterone secretion at
concentrations of 100 ng/mL and higher, while
conversion of dehydroepiandrosterone to E2 was
decreased by all four compounds at concentrations of 1 ng/mL and higher (10 ng/mL and higher
for o,pʹ-DDE) (Wójtowicz et al., 2007c). Effects on
aromatase activity were inconsistent, although
the DDT and DDE isomers tended to decrease
it, and aromatase protein expression [not quantified] was decreased by all four, with o,pʹ-DDT,
o,pʹ-DDE being the most active inhibitors.
(iii)

Androgen receptor-mediated effects
[The Working Group noted that DDT and its
metabolites antagonize the AR, with p,pʹ-DDE
being the most potent, in cells from humans and
other species and in non-human experimental
systems in vivo.]
In HepG2 cells stably transfected with human
AR reporter constructs, transactivation by DHT
was most strongly inhibited by p,pʹ-DDE (at
concentrations of one to two orders of magnitude
above the maximum activating DHT concentration), followed by p,pʹ-DDT, and least strongly by
o,pʹ-DDT (Kelce et al., 1995; Maness et al., 1998).
Inhibitory activity of p,pʹ-DDE was also observed
in AR-negative human PC-3 prostate-cancer
cells transfected with human AR and a reporter
construct (Schrader & Cooke, 2000). p,pʹ-DDE
inhibited androgen-induced human AR transactivation in yeast systems (Gaido et al., 1997; Li
et al., 2008) and bound to recombinant human

DDT
AR (Scippo et al., 2004). o,pʹ-DDD and p,pʹ-DDD
more strongly bound to recombinant human AR,
while o,pʹ-DDT and p,pʹ-DDT showed binding
comparable to that of p,pʹ-DDE (Scippo et al.,
2004; Sonneveld et al., 2005). o,pʹ-DDT also binds
and inhibits transactivation of the human AR
in recombinant yeast (Chen et al., 1997; Gaido
et al., 1997). Inhibitory activity of p,pʹ-DDE
was also observed in AR-negative human PC-3
prostate-cancer cells transfected with AR and
a reporter construct (Schrader & Cooke, 2000).
o,pʹ-DDT and p,pʹ-DDT were equally inhibitory
in the CALUX system using human osteosarcoma cells (Sonneveld et al., 2005).
p,pʹ-DDE induced concentration dependent
proliferation of human breast-cancer cell lines
expressing AR (e.g. CAMA-1) and MCF-7 cells
transfected with AR (Aubé et al., 2008).
Analysis in silico indicated human AR
binding of p,pʹ-DDT, but other isoforms and
related congeners were not evaluated (Wang
et al., 2010). A similar analysis showed that additional AR binding sites, other than that used by
DHT, were subject to binding by p,pʹ-DDE (Xu
et al., 2013).
(iv)

Progesterone receptor-mediated effects
o,pʹ-DDT induced PR in MCF-7 cells in a
dose-dependent manner reaching the same level
as induced by 10 nM estradiol at a concentration of 1 µM; p,pʹ-DDT, o,pʹ-DDE, and o,pʹ-DDD
had the same effect but to a lesser extent (Chen
et al., 1997). Binding to the human PR has been
reported in a competitive binding assay in T47D
human breast-cancer cells with 1 nM radiolabeled R5020, a synthetic PR agonist, for o,pʹ-DDT,
o,pʹ-DDD, p,pʹ-DDD, and o,pʹ-DDE at concentrations of 150 nM and higher, but not for p,pʹ-DDT,
p,pʹ-DDE, and p,pʹ-DDA (Klotz et al., 1997). In
a yeast system and in T47D cells containing PR
reporter constructs, PR was not significantly
transactivated by any of these compounds, but
all inhibited PR transactivation by progesterone,
mostly at concentrations of 100 nM and higher

(in cells) or 1 µM and higher (in yeast) (Klotz
et al., 1997). Binding to recombinant human PR
was also found for p,pʹ-DDT, but not p,pʹ-DDD,
while o,pʹ-DDT, p,pʹ-DDE, and o,pʹ-DDE had
lower affinity (Scippo et al., 2004).
(v)

Effects on HER2 receptors
At a low dose, o,pʹ-DDT (1 nM) enhanced
the tyrosine kinase activity of HER2 in human
MCF-7 breast-cancer cells irrespective of tamoxifen exposure or estrogen depletion of culture
media (Enan & Matsumura, 1998; Hatakeyama
& Matsumura, 1999). o,pʹ-DDT also gave rise
to increased MCF-7 foci (abnormal concentric
piling up of cells in post confluent cultures)
(Hatakeyama & Matsumura, 1999). The effects
of o,pʹ-DDT on tyrosine kinase activity of HER2
and MCF-7 foci formation were blocked by a
mononuclear antibody specific to HER2.
(vi)

Other receptor-mediated effects
Induction of cAMP production by TSH in
Chinese hamster ovarian cells transfected with
recombinant human TSH receptor was slightly
inhibited by p,pʹ-DDT at 1 µM and significantly
at 10 µM and higher; p,pʹ-DDT interfered with
internalization of the TSH receptor induced
by TSH, possibly by direct interaction with the
receptor (Santini et al., 2003; Picchietti et al.,
2009).
There are conflicting reports on whether DDT
compounds can interact with the aryl hydrocarbon receptor (AhR). In human placental tissue,
o,pʹ-DDT, p,pʹ-DDT, o,pʹ-DDE, and p,pʹ-DDE
(100 ng/mL) all decreased the expression of
AhR protein (Wójtowicz et al., 2011). In human
MCF-7 and LNCaP cells o,pʹ-DDT reduced the
mRNA and protein expression of Arnt2, but at a
high dose of 10 µM (Qin et al., 2011).
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(c)
(i)

Experimental systems in vivo

Estrogen receptor-mediated effects
[The Working Group noted that estrogenic
effects of o,pʹ-DDT were consistently shown
across numerous experimental non-human
systems.]
Results from o,pʹ-DDT administration in
vivo extensively supported the notion that ER
activation leads to physiological consequences,
e.g. increased lordosis in rats (Brown & Blaustein,
1984) and increased uterine wet weight in birds,
mink, rats, and mice (Bitman et al., 1968; Duby
et al., 1971; Al-Jamal & Dubin, 2000).
The first reports of estrogenic activity of
DDT were published in 1968 and 1969, showing
increased oviduct weights in fowl by o,pʹ-DDT,
but not p,pʹ-DDT, and high tissue concentrations
of both (Bitman et al., 1968). Increased uterine
weights occurred in immature rats after administration of o,pʹ-DDT, technical DDT and, to a
lesser extent, p,pʹ-DDT and the DDT metabolite o,pʹ-DDD, but not p,pʹ-DDD (1 or 5 mg/kg)
(Welch et al., 1969). o,pʹ-DDT, technical DDT,
and p,pʹ-DDT, and o,pʹ-DDD also inhibited
uterine uptake of radiolabeled E2 (Welch et al.,
1969).
ER transcription-inducing effects of
single intraperitoneal injections of p,pʹ-DDT
(5–500 µg/kg) have been observed in liver, brain,
thymus, and prostate of immature male transgenic mice with estrogen-reporter constructs in
all estrogen-responsive tissues (Di Lorenzo et al.,
2002). Effects were synergized by co-treatment
with E2 (50 µg/kg), and abolished by intraperitoneal injections with ICI 182,780, once before and
once after the DDT injection. However, similar
treatment with o,pʹ-DDT had the opposite effects
in the liver by itself and antagonized the effects of
co-administered E2.
In ovariectomized DA/Han rats, three daily
oral treatments of o,pʹ-DDT (500 mg/kg bw per
day) markedly reduced mRNA expression of ER
in the uterus (Diel et al., 2000). In prepubertal
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Sprague-Dawley rats given seven daily intraperitoneal injections of p,pʹ-DDT or p,pʹ-DDE
(25 mg/kg), the uterine-weight response to
estrone treatment was decreased and uptake of
radiolabeled estrone was reduced (Welch et al.,
1971). The uterine-weight response to o,pʹ-DDT
and p,pʹ-DDT has been reproduced (Bitman &
Cecil, 1970; Kanno et al., 2003), as has the lack
of this in response to p,pʹ-DDD, p,pʹ-DDE, and
p,pʹ-DDA (Bitman & Cecil, 1970). These findings were consistent with increases in uterine
and vaginal epithelial thickness caused by a
treatment for 7 days with o,pʹ-DDD delivered
via silastic implants to ovariectomized young
adult CD-1 mice at doses resulting in serum
o,pʹ-DDD levels of 18 ng/mL and higher (Ulrich
et al., 2000). Of note, the estrogenicity of the
active DDT compounds was weak, about three
to four orders of magnitude less than that of E2.
The uterotropic effect of o,pʹ-DDT was blocked
by co-administration of the antiestrogen raloxifene, which does not have estrogenic effects on
the uterus as does tamoxifen, demonstrating that
this is an ER-mediated effect (Al-Jamal & Dubin,
2000).
(ii)

Androgen receptor-mediated effects
Experimental data in vivo are consistent with
p,pʹ-DDE antagonism of AR. Mice exposed to
DDT had decreased AR mRNA and protein in
their testes (Chaturvedi et al., 2010). Rat puberty
is delayed and seminal vesicle and ventral prostate weights are reduced in adult rats exposed to
DDT (Kelce et al., 1995). Three daily oral doses
(12.5–50 mg/kg bw per day) of technical-grade
DDT inhibited uptake of radiolabeled testosterone in the prostate of Swiss-Webster mice and
reduced formation of testosterone metabolites in
the mouse prostate and liver (Smith et al., 1972;
Lloyd et al., 1974), and reduced formation of testosterone metabolites in the rat liver (Sierra-Santoyo
et al., 2005). In one study, serum testosterone
was decreased in CD rats, but increased in Long
Evans rats; in both strains, E2 levels increased,
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while DHT was increased only in Long Evans rats
and FSH decreased only in CD rats (LH and prolactin were not affected) (O’Connor et al., 1999).
In ovariectomized DA/Han rats, three daily oral
treatments of o,pʹ-DDT (500 mg/kg bw per day)
markedly reduced mRNA expression of AR in
the uterus (Diel et al., 2000). The anti-androgenic
activity of p,pʹ-DDE in vitro is consistent with
delayed preputial separation in pubertal rats and
reduced accessory sex gland weights in castrated,
testosterone-supplemented adult rats treated
with an oral dose of 200 mg/kg bw per day for
4 days (Kelce et al., 1995) or 100 mg/kg bw per
day for 7 days (O’Connor et al., 1999), although
a lack of such effects has also been reported from
a study in intact rats (Krause, 1977).
(iii)

Other receptor-mediated effects
Regarding effects on aromatase and steroid-hormone production, oral treatment of
adult male Sprague Dawley rats with p,pʹ-DDE
(100 mg/kg bw per day) for 7 days caused significant induction of aromatase protein expression
and aromatase activity in the liver, and elevation
of circulating E2 levels (You et al., 2001).
The progestin-binding site of the PR can
also be bound by o,pʹ-DDT in rats (Brown &
Blaustein, 1984). The PR is bound by o,pʹ-DDE,
and to a lesser extent by p,pʹ-DDT and p,pʹ-DDE
in birds (Lundholm, 1991). The PR is also bound
by o,pʹ-DDT in fish (Das & Thomas, 1999; Berg
et al., 2005).
When exposure to p,pʹ-DDE was initiated at
weaning, the latency of HER2-positive mouse
mammary tumours was shortened (Johnson
et al., 2012).
Oral treatment of adult SD rats and
Long Evans rats with p,pʹ-DDE for 15 days at
100–300 mg/kg bw per day decreased serum
T4, but not T3, and increased serum levels of
TSH (O’Connor et al., 1999). Treatment of adult
Wistar rats with intraperitoneal injections of
p,pʹ-DDT for 10 days at 50–100 mg/kg bw per
day increased thyroid relative weights, decreased

activity of type I, but not type II, 5′-deiodinase in
liver, kidney, and in a biphasic manner thyroid,
decreased serum T4 and, to a lesser extent,T3 and
increased serum levels of TSH (Tebourbi et al.,
2010). [The Working Group noted that it was not
clear whether these DDT effects involved TSH
receptor mediation or other mechanisms.]
o,pʹ-DDD caused a glucocorticoid deficiency in dogs, decreasing circulating
17-OH-corticosteroids and ablating adrenocorticotropic hormone (ACTH) action (Cueto &
Moran, 1968). The attenuation of these effects
by glucocorticoid receptor (GCR) agonist prednisolone was suggestive of GR antagonism by
o,pʹ-DDD (Cueto & Moran, 1968). The eosinophilic response to ACTH was impaired in beagles
after a high exposure to o,pʹ-DDT (50 mg/kg bw
per day for 32 days), consistent with adrenocortical inhibitory effects of o,pʹ-DDT (Copeland &
Cranmer, 1974). These effects could be secondary
to liver toxicity, as elevated microsomal enzymes
could have stimulated extra-adrenal metabolism of cortisol. Technical-grade DDT (mostly
p,pʹ-DDT) altered the adrenal weight of rats
(Foster, 1968), and p,pʹ-DDT exposure elevated
corticosterone in sparrows (Scollon et al., 2004).
Several reports indicate effects of o,pʹ-DDT
on expression of P450 isoforms and other genes
mediated by the constitutive androstane receptor
(CAR) and/or the pregnane X receptor (PXR) in
rats and mice (Wyde et al., 2003; Medina-Díaz
et al., 2007; Kiyosawa et al., 2008).
(d)

Experimental systems in vitro

(i)

Estrogen receptor-mediated effects
The agonism of ER by o,pʹ-DDT in cells from
animals and other experimental systems in
vitro has been well characterized (Nelson, 1974).
o,pʹ-DDT has been shown to bind ER from rats
(Nelson, 1974), rabbits (Andersen et al., 1999),
cattle (Tiemann et al., 1996), vultures (ERα)
(Naidoo et al., 2008), zebrafish (ERα and ERβ)
(Legler et al., 2002), yeast (Chen et al., 1997),
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as well as humans (Chen et al., 1997), albeit at
differing potencies. [The Working Group noted
that in most of these studies, it was not specified whether ERα or ERβ was investigated.] In
primary porcine ovarian cells (granulosa and
theca cells together) p,pʹ-DDE and, to a lesser
extent, o,pʹ-DDT and o,pʹ-DDE, stimulated E2
secretion at concentrations of 0.4 and 4 µg/mL,
while progesterone secretion was suppressed by
o,pʹ-DDT, p,pʹ-DDT, and p,pʹ-DDE, but not by
o,pʹ-DDE (Wójtowicz et al., 2007a). o,pʹ-DDT,
p,pʹ-DDT, p,pʹ-DDE, and o,pʹ-DDE all increased
the conversion of testosterone to E2 due to
increased aromatase activity, p,pʹ-DDE being
most active.
(ii)

Androgen receptor-mediated effects
In monkey CV-1 cells, o,pʹ-DDT, p,pʹ-DDT,
o,pʹ-DDE, and p,pʹ-DDE all potently inhibited
AR transcriptional activity (Chaturvedi et al.,
2010). p,pʹ-DDE strongly inhibited binding and
transactivation of radiolabeled DHT to the rat
prostate androgen receptor (Wakeling & Visek,
1973; Kelce et al., 1995; Danzo, 1997), while
o,pʹ-DDT and p,pʹ-DDT and p,pʹ-DDD had a weak
inhibitory effect (Kelce et al., 1995; Danzo, 1997).
o,pʹ-DDT, p,pʹ-DDT, p,pʹ-DDD also antagonized
the rat and bird AR with lower affinity than
p,pʹ-DDE (Lundholm, 1991; Kelce et al., 1995). In
Chinese hamster ovarian cells, p,pʹ-DDE was also
the strongest inhibitor of androgen (R1881) activation of the AR, while o,pʹ-DDT and o,pʹ-DDE
were also inhibitory and o,pʹ-DDD and p,pʹ-DDD
were inactive (Roy et al., 2004).
(iii)

Other receptor-mediated effects
In monkey cells exposed in vitro, there
was no change in transcriptional activity or
nuclear translocation of the GCR by o,pʹ-DDT,
p,pʹ-DDT, o,pʹ-DDE, or p,pʹ-DDE (Chaturvedi
et al., 2010). p,pʹ-DDE displaces dexamethasone
from the GCR of birds (Lundholm, 1991). At
higher concentrations, o,pʹ-DDT, p,pʹ-DDT and
o,pʹ-DDE also bind the GCR in birds (Lundholm,
1991).
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4.2.2 Immunosuppression
[The Working Group noted that there were
consistent findings that DDT suppresses the
humoral immune response across multiple
species.]
(a)

Humans

(i)

Exposed humans
In a study of 49 patients who worked as
farmers or farmhands and had been occupationally exposed to multiple insecticides for at
least 6 months, detection of DDT and DDE in
blood was associated with elevated levels of interleukin-4 (IL-4), a Th2 cytokine, in plasma. DDE
and DDD suppressed the Th1 cytokines IL-2 and
interferon-gamma (IFN-γ) (Daniel et al., 2002).
Significantly higher levels of p,pʹ-DDE were
detected in the blood of patients with systemic
lupus erythematosus than in healthy controls
(Dar et al., 2012).
In a study of environmental exposure to DDT
in 302 residents living near a Superfund site in
Aberdeen, North Carolina, USA or in neighboring communities, few differences in immune
markers were associated with residential location. In residents who lived closer to the site,
mitogen-induced lymphoproliferative activity
was statistically significantly lower than that in
residents who lived farther away (P < 0.05) (Vine
et al., 2000).
(ii)

Human cells in vitro
In highly purified natural killer (NK) cells
exposed to to 4,4ʹ-DDT (5 μM) for 24 hours,
ability to destroy K562 tumour cells was inhibited by 61 ± 13%. The loss of cytotoxic function
seen with 4,4ʹ -DDT increased when exposure
was increased to 6 days (Reed et al., 2004). [The
Working Group noted that this study shows that
DDT decreases the tumour-cell killing (lytic)
function of human NK cells.]
In a follow-up study, exposure to DDT (2.5
μM) for 24 hours (which caused > 55% loss of
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lytic function) decreased NK binding function
by about 22%, and decreased CD16 cell-surface
protein by 20% (Hurd-Brown et al., 2013). In
another study, DDT substantially and persistently decreased NK cell lytic function (by 55% at
2.5 μM) within 24 hours (Udoji et al., 2010). [The
Working Group noted that three independent
studies showed that DDT impairs human NK
cell function.]
Ndebele et al. (2004) showed that DDT
significantly suppressed IL-2 production in
activated CD4+ Jurkat T-cells, at the transcriptional and translational levels. Comitogenic and
immunosuppressant effects of p,pʹ-DDT and its
derivatives on phytohaemagglutinin-stimulated
human lymphocytes have also been reported
(Nikolaeva et al., 1980).
(b)
(i)

Experimental systems in vivo

Mice
Banerjee and colleagues showed a depression
in the primary and secondary humoral immune
response in mice after subchronic exposure to
DDT (Banerjee et al., 1986), and also demonstrated suppression of the humoral immune
response to a T-independent antigen (Banerjee,
1987a). In a subsequent study, restraint and
other forms of stress potentiated DDT-induced
suppression of the humoral immune response in
mice (Banerjee et al., 1997).
DDT injections (once every 4 days) markedly increased the incidence of albuminuria and
reduced uterine weight, but were without effect
on immunity or mortality in the New Zealand
Black/New Zealand White F1 hybrid (B/W)
mouse model of systemic lupus erythematosus (Li
& McMurray, 2009). A separate study showed that
DDT accelerated the natural course of systemic
lupus erythematosus in this mouse model of the
disease (Sobel et al., 2005). o,p-DDT significantly
reduced the time to development of renal impairment, the primary clinical indication of lupus in
the model system (Sobel et al., 2005). There was

no clear correlation between autoimmune effects
and estrogenicity, as assessed via measurement
of uterine hypertrophy (Sobel et al., 2005).
(ii)

Rats
Banerjee (1987b) reported suppression of
humoral and cell-mediated immune responses
in albino rats after short-term exposure to DDT.
This suppression increased in a dose- and time-dependent manner (Banerjee, 1987b). Sensitivity to
these effects was increased by protein deficiency.
Humoral and cellular immune suppression
were induced by DDT (50 and 100 ppm) only
in rats fed a diet containing 3% protein. In rats
immunized with tetanus toxoid, inhibition of
leukocyte and macrophage migration was also
diminished (Banerjee et al., 1995). A later study
demonstrated that DDT, DDE, and DDD, but not
DDA, induced different degrees of humoral and
cellular immune suppression, with the potency
of effects in the order of DDE > DDD > DDT
(Banerjee et al., 1996). In rats given DDT (100 and
200 ppm) by oral administration, the humoral
immune response was markedly suppressed as
assessed by anti-sheep erythrocyte antibody
titres via a mechanism that may involve free
radicals (Koner et al., 1998).
(iii)

Rabbits
In rabbits, DDT (20 mg/kg) significantly
reduced organ weights (of the lung, liver, and
spleen), antiovalbumin synthesis in the lung
and spleen, and maximum serum antibody titre.
Serum protein levels decreased as a result of a
reduction in levels of albumin and γ- and β-globulin (Chung et al., 1989).
(v)

Marine mammals
A higher incidence of bacterial infections
were seen in harbour porpoises from the North
and Baltic seas of Germany, in comparison to
whales from less polluted Arctic waters (Beineke
et al., 2005). In free-ranging bottlenose dolphins
(Lahvis et al., 1995), the immune response
decreased with increasing concentrations of
193

IARC MONOGRAPHS – 113
several contaminants, including DDT, in whole
blood; inverse correlations were found between
concanavalin A-induced lymphocyte proliferation and concentrations of p,pʹ-DDT (Lahvis
et al., 1995).
(iv)

Birds
The primary humoral immune response in
Japanese quail was not affected by in ovo exposure
to either isomer of DDT (Bryan et al., 1989). Total
circulating erythrocyte numbers were reduced
in females after injection in ovo with o,pʹ-DDT
but not p,pʹ-DDT. Exposure in ovo to o,pʹ-DDT,
but not to p,pʹ-DDT, had long-term and estrogen-like effects on behaviour and haematology.
Reproductive behaviours were attenuated with
o,pʹ-DDT, which also increased the total number
of eggshell malformations (Bryan et al., 1989).
Antibody-mediated immunity was not
affected in chickens treated with DDT (Glick,
1974).
An antagonistic action rather than a synergistic or additive effect on blood parameters was
observed when DDT and PCB (Aroclor 1254)
were co-administered in White Leghorn cockerels (Gallus domesticus) (Iturri et al., 1982).
(vi)

Frogs
In northern leopard frogs (Rana pipiens),
sublethal doses of DDT (923 ng/g wet weightt)
markedly suppressed antibody response,
whereas DTH reactions were enhanced, and
respiratory burst was lower (Gilbertson et al.,
2003). No differences in the response were seen
when pathogens were administered before DDT.
A companion field study found significant differences in immune function with pesticide exposure in frogs from Ontario, Canada (Gilbertson
et al., 2003).
(c)

Experimental systems in vitro

In mouse J774A.1 macrophages, DDT
inhibited functional activation, and reduced
the capacity to limit intracellular growth of
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intracellular pathogens, using Mycobacterium
microti as a model (Nuñez et al., 2002). Technicalgrade DDT (a mixture of p,pʹ-DDT (85%),
o,pʹ-DDT (15%), and trace amounts of o,o′-DDT)
and p,pʹ-DDE were more potent than p,pʹ-DDT
(Nuñez et al., 2002).
In a study in rat peritoneal exudate cell
suspensions, macrophages treated for 4.5 hours
in vitro with lipoprotein-sequestered DDT (2.5
μM) showed significant inhibition of their ability
to phagocytize yeast particles (Kaminski et al.,
1986). An earlier study reported no statistical
difference in phagocytic activity was observed
in either in vitro or in vivo in rat leukocytes
(Kaliser, 1968).
Kannan and Sharma described defective
lymphocyte transformation by DDT and responsiveness of rabbit peripheral blood lymphocytes
to phytohaemagglutinin in vitro (Kannan &
Sharma, 1979).
In beluga whale peripheral blood leukocytes
and splenocytes exposed in vitro, p,pʹ-DDT and
p,pʹ-DDE had no marked effect on phagocytosis
(De Guise et al., 1998). However, p,pʹ-DDT, but
not p,pʹ-DDE, significantly reduced the proliferative response of the splenocytes cultured either
with or without phytohaemagglutinin (De Guise
et al., 1998).

4.2.3 Oxidative stress
(a)

Humans

In a study of 44 breast tumours and 21
benign breast biopsies, there was no correlation between p,pʹ-DDT or p,pʹ-DDE and levels
of 8-hydroxy-2ʹ-deoxyguanosine (8-OHdG; a
biomarker of oxidative DNA damage) (Charles
et al., 2001). [The Working Group noted that
post-diagnostic measurements in breast tumours
and biopsies are of questionable relevance to the
potential for DDT to induce oxidative stress.]
In in vitro studies, p,pʹ-DDT or p,pʹ-DDE
increased the production of intracellular ROS and
inhibited superoxide dismutase (SOD) activity in

DDT
human colorectal adenocarcinoma DLD1 cells
or SW620 cells (Song et al., 2014a, b); see also
xenograft experiments in nude mice, described
below. p,pʹ-DDE also activated NADPH oxidase,
and reduced catalase activity and glutathione
content. NAC, a ROS inhibitor, suppressed the
induction of Wnt/β-catenin signalling and cell
proliferation by p,pʹ-DDT in DLD1 cells and by
p,pʹ-DDE in both cell lines. p,pʹ-DDT also significantly elevated ROS levels in HepG2 human
liver-cancer cells (Jin et al., 2014). Gammaglutamylcysteine synthetase (γ-GCS) and SOD
activity were inhibited. Beta-catenin and its
downstream target genes c-Myc and cyclin D1
were significantly upregulated; co-treatment of
DDT with NAC inhibited this overexpression.
Moreover, p,pʹ-DDT-induced proliferation of
HepG2 cells was inhibited by co-treatment with
NAC or β-catenin siRNA (Jin et al., 2014).
In human peripheral blood mononuclear cells
in vitro (Pérez-Maldonado et al., 2005), DDT and
DDD increased oxidative stress levels by 19-fold
compared with controls; for DDE, the increase
was 25-fold. These increases in reactive oxygen
species (ROS) preceded induction of apoptosis,
which was significantly inhibited by N-acetyl-Lcysteine (NAC) for all three compounds (PérezMaldonado et al., 2005).

ppm but in males only (Harada et al., 2003; see
also Section 3).
In rats exposed orally for 8 weeks, p,pʹ-DDT
dose-dependently increased levels of thiobarbituric acid reactive substance (TBARS) in serum
and SOD activity in erythrocytes, and suppressed
the humoral immune response. Ascorbic acid
attenuated the effects of p,pʹ-DDT on lipid peroxidation, SOD activity, and humoral immune
suppression (Koner et al., 1998). p,pʹ-DDT
(40 mg/kg) caused a time-dependent increase
in hepatic mitochondrial and microsomal lipid
peroxidation and DNA single-strand breaks in
rats (Hassoun et al., 1993). In male F344 rats, a
16-week exposure to p,pʹ-DDT at dietary concentrations of 20 ppm or more increased glutathione
S-transferase placental form (GST-P)-positive
foci (putative preneoplastic lesions) in the liver.
At concentrations of DDT of 0.5 ppm or less,
oxidative stress in the liver, assessed by measuring 8-OH-dG as a marker of oxidative DNA
damage, was decreased; this was associated
with a decreased number of GST-P-positive foci
(Sukata et al., 2002). [The Working Group noted
that oxidative stress levels were not determined at
the higher doses, although other studies confirm
that oxidative stress is induced at these doses of
p,pʹ-DDT.]

(b)

4.2.4 Altered cell proliferation or death

Experimental systems in vivo

In xenograft experiments in nude mice,
p,pʹ-DDT (5 nmol/kg, ip) increased tumour size,
oxidative stress and activation of Wnt/β-catenin
signalling in human DLD1 tumours (Song
et al., 2014b) or HepG2 tumours (see also Section
4.2.4b). These studies were consistent with the in
vitro findings in human colorectal (Song et al.,
2014a, b) or HepG2 cells (Jin et al. 2014) by the
same research group.
In male and female rats exposed to p,pʹ-DDT
(5, 50, or 500 ppm) for 2 years, hepatic levels of
8-OH-dG were elevated throughout the study at
500 ppm in males and females, whereas hepatic
lipid peroxidation was increased at 50 and 500

(a)

Humans

(i)

Exposed humans
Blood levels of DDT and DDE were associated with a higher frequency of apoptotic cells
in exposed children (the specific isomer responsible was not identified) (Pérez-Maldonado et al.,
2004).
Elevated levels of apoptosis have been noted in
blood mononuclear cells isolated from children
and exposed ex vivo to p,pʹ-DDT or p,pʹ-DDE
(Pérez-Maldonado et al., 2005). Simultaneous
elevation of ROS was also noted (see Section
4.2.3).
195

IARC MONOGRAPHS – 113
(ii)

Human cells in vitro
o,pʹ-DDT
induces
proliferation
of
ER-responsive cells such as MCF-7 cells (Soto
et al., 1995; Payne et al., 2000b), acting both singly
and synergistically in mixtures (Payne et al.,
2001) (see also Section 4.2.1). This isomer can also
upregulate genes such as vascular endothelial
growth factor A (VEGFA) in estrogen-responsive
MCF-7 breast cancer cells in an ER-independent
fashion through crosstalk between MAPK
signalling pathways and transcriptional coactivators (Bratton et al., 2012). p,pʹ-DDE also stimulates proliferation of ER-positive breast-cancer
cells and this induction primarily occurred after
exposures at lower concentrations (Aubé et al.,
2011). However, p,pʹ-DDE suppressed proliferation of androgen-dependent LNCaP cells, while
o,pʹ-DDT induced MAPK phosphorylation and
slightly increased proliferation of these cells,
but not of androgen-independent PC-3 cells;
these effects did not appear to occur via direct
interaction with the AR (Tessier & Matsumura,
2001) (see also Section 4.2.1). Consistent with
these observations, o,pʹ-DDT exhibited weak cell
proliferation stimulatory effects, compared with
estradiol, in ER-positive human MCF-7, T-47D,
and MVLN breast-cancer cells (Dees et al., 1997a;
Silva et al., 2007). In parallel with stimulation of
MCF-7 cell proliferation, o,pʹ-DDT suppressed
apoptosis at concentrations of 100 nM and higher
(Diel et al., 2002).
o,pʹ-DDT induced the expression of the celldeath ligand TNF-α, and elevated apoptosis via
a p38 MAPK-dependent mechanism in endometrial Ishikawa and human embryonic kidney
(HEK) 293 cells; the apoptotic pathway involves
mitochondrial release of cytochrome c with
subsequent effector caspase-3/7 activation (Frigo
et al., 2005). DDT exposure in vitro modulates
the proliferation and viability of human endometrial endothelial cells (Welch et al., 1969;
Bredhult et al., 2007, 2008). Environmental
concentrations (range, 0.1–10 nM) of p,pʹ-DDT
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stimulated the proliferation of human colorectal
adenocarcinoma DLD1 cells via a Wnt/β-catenin
pathway mediated by oxidative stress (Song et al.,
2014b).
Induction of cytotoxicity (e.g. in HepG2,
HaCaT and primary hepatocytes) has been
reported, albeit at ≈100 μM (Delescluse et al.,
1998; Gerić et al., 2012; Jin et al., 2014).
(b)

Experimental systems

(i)

In vivo
In contrast to in vivo (using nude mice) and
in vitro (in HepG2 cells) studies of low -doses
of p,pʹ-DDT studies indicating a role of β-catenin (e.g., Jin et al., 2014; see Section 4.2.3b) in
anti-apoptotic effects and stimulation of cellcycle progression in liver, other studies in male
C57BL mice have instead pointed to constitutive
hepatic CAR- and ERα-mediated gene activation
(e.g. Kazantseva et al., 2013; this study used a
technical mixture containing 85% p,pʹ-DDT and
15% o,pʹ-DDT).
In rats, sublethal DDT concentrations
can uncouple oxidative phosphorylation
(Byczkowski, 1976). In combination with a
carcinogen, o,pʹ-DDT elevated mammary-gland
cell proliferation and chromosomal alterations
in a rat cancer model (Uppala et al., 2005). It
stimulated AP-1 activity via p38 MAPK (Bratton
et al., 2009).
(ii)

In vitro
In murine embryos, o,pʹ-DDT significantly reduced development to blastocyst and
cell number while increasing apoptosis levels
(Greenlee et al., 1999). Bredhult et al. (2007,
2008) showed dose (1–100 μM)-related decreases
in o,pʹ-DDT-induced cell proliferation and cell
viability (increasing proportions of apoptotic
and necrotic cells).
DDT was slightly anti-apoptotic in transforming TGF-β-induced apoptosis in rat hepatoma
FTO-2B cells as determined by reductions in
DNA fragmentation and CPP32 (caspase-3)-like

DDT
caspase activity (Buchmann et al., 1999). At
nanomolar concentrations, o,pʹ-DDE transiently
elevated extracellular-regulated kinase (ERK)
phosphorylation in rat pituitary GH3/B6/F10
cells, which express ERα (Bulayeva & Watson,
2004). In primary rat Sertoli cells, DDT exposure (isomer not specified) decreases the level of
follicle stimulating hormone (FSH) binding sites;
FSH stimulates Sertoli proliferation perinatally,
which conditions spermatogenesis (Bernard
et al., 2007).
o,pʹ-DDT may inhibit the ER-mediated
effects of other environmental contaminants,
such as PCB-126, on proliferation in co-cultured porcine ovarian theca and granulosa cells
(Gregoraszczuk et al., 2008).

4.2.5 Genetic and related effects
DDT, its isomers and its metabolites have been
studied in a variety of assays for genotoxic and
related potential. Table 4.1, Table 4.2, Table 4.4,
and Tables 4.5 and 4.7 (available online at: http://
monographs.iarc.fr/ENG/Monographs/vol113/
index.php) summarize the studies carried out
with DDT, including several isomeric forms
in humans in vivo and in vitro, in non-human
mammals in vivo, in non-human mammals in
vitro, and in non-mammalian systems, respectively. Table 4.3, and Tables 4.6 and 4.8 (available online at: http://monographs.iarc.fr/ENG/
Monographs/vol113/index.php) summarize the
studies carried out with different metabolites of
DDT in humans in vitro, in non-human mammals
in vivo, in non-human mammals in vitro, and in
non-mammalian systems, respectively.
(a)

Exposed humans

See Table 4.1
No association was seen between DNA
adducts (8-OH-dG) in primary breast adenocarcinomas and p,pʹ-DDT and, p,pʹ-DDE tissue
levels (Charles et al., 2001).

Induction of DNA strand breaks was demonstrated by the comet assay in lymphocytes from
maternal and umbilical cord blood collected
from 50 mother–infant pairs exposed to different
pesticides, including DDT (with a stronger
response in infants than in mothers) (AlvaradoHernandez et al., 2013); in the lymphocytes of
children from different Mexican communities
(Pérez-Maldonado et al., 2006; Pérez-Maldonado
et al., 2011; Jasso-Pineda et al., 2015) [Causative
effect of DDT alone cannot be demonstrated in
the latter]; and in lymphocytes from women from
Mexican communities affected by malaria and
with a history of indoor DDT spraying (Yáñez
et al., 2004). No association was found between
DNA strand breaks assessed by the comet assay
in sperm cells and p,pʹ-DDE, PCB, and hexachlorobenzene in blood samples from subfertile
male donors (Hauser et al., 2003).
No association was seen between DNA strand
breaks assessed by the comet assay and micronucleus formation and the blood level of p,pʹ-DDE
(among other pollutants in the blood and urine)
in a study of residents from areas with different
types of pollution (De Coster et al., 2008).
However, higher p53 protein levels in serum were
associated with higher values of serum DDE,
HCB and certain PCBs. Furthermore, higher
levels of DDE were associated with higher levels
of carcinoembryonic antigen after correction for
confounding factors (De Coster et al., 2008).
A weak association was found between DNA
damage in sperm chromatid and DDT/DDE
plasma levels in donors from malaria-endemic
areas living in houses sprayed annually with
DDT (de Jager et al., 2009). No association was
found between DNA damage by the sperm chromatid structure assay in fishermen with low and
high consumption of fatty fish (an important
source of exposure to persistent organochlorine
pollutants) and serum levels of 2,2ʹ,4,4ʹ,5,5′-hexachlorobiphenyl and p,pʹ-DDE (Rignell-Hydbom
et al., 2005).
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Tissue

Cell type (if
specified)

End-point

Test

Description of exposed and controls

Response,
significance

Breast

Tumour cells
(carcinoma)

DNA damage

Oxidative
DNA damage

–

Blood

Lymphocytes

DNA damage

Comet assay

Blood

Lymphocytes

DNA damage

Comet assay

Blood

Lymphocytes
isolated

DNA damage

Comet assay

Blood

Lymphocytes
isolated

DNA damage

Comet assay

44 primary tumours (cancerous)
and 21 benign breast biopsy (noncancerous) tissues from USA residents
Maternal and umbilical cord blood
was collected from 50 mother–infant
pairs living in a rural area from
Mexico where agriculture is the main
economic activity. Determinations of
p,p′-DDT, p,p′-DDE, aldrin, heptachlor
epoxide, oxichlordane, chlordane,
nonachlor, mirex, endosulfan, α-, β-,
and γ-HCH were performed
276 children from 11 communities
in four states of Mexico exposed
to a chemical mixture including
agrochemicals, i.e. high levels of DDT,
polycyclic aromatic hydrocarbons,
arsenic, among others. Levels of
arsenic and 1-hydroxypyrene in urine
and lead and total DDT (p,p′-DDE and
p,p′-DDT) in blood were quantified
61 healthy children in 2003 and during
the y 2004, 57 children from the same
communities in southern Mexico were
assessed. Level of p,p′-DDT, p,p′-DDD
and p,p′-DDE was determined
73 children from 4 different Mexican
communities. Level of p,p′-DDT, p,p′DDD and p,p′-DDE was determined

Comments

Reference
Charles et al.
(2001)

+

Positive response higher
in infants than in
mothers [Causative effect
of DDT alone cannot be
demonstrated]

AlvaradoHernandez
et al. (2013)

+

[Causative effect of
DDT alone cannot be
demonstrated]

Jasso-Pineda
et al. (2015)

+

Association between
DNA damage and p,p′DDT and p,p′-DDE levels
was found, but not for
p,p′-DDD
Association between
DNA damage and p,p′DDT and p,p′-DDE levels
was found but not for
p,p′-DDD

PérezMaldonado
et al. (2006)

+

PérezMaldonado
et al. (2011)
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Table 4.1 Genetic and related effects of DDT in exposed humans

Table 4.1 (continued)
Tissue

Cell type (if
specified)

End-point

Test

Description of exposed and controls

Response,
significance

Comments

Reference

Blood

Lymphocytes
isolated

DNA damage

Comet assay

+

Sperm cells

DNA damage

Comet assay

Blood

Blood cells

DNA damage

Comet assay

1583 residents aged 50–65 from 9
areas with different types of pollution
in Flanders (Belgium). p,p′-DDE was
found in donors together with several
other pollutants compounds including
cadmium, lead, HCB, PCBs and
dioxins measured in blood and urine

–

Number of donors from
each studied group not
mentioned. Blood levels
of DDT, DDD, and
DDE were significantly
correlated with DNA
damage. This association
remained significant
after controlling for
nutritional status,
smoking habits and
alcohol ingestion
No statistically
significant consistent
associations between the
comet assay parameters
and any of the individual
PCB congeners, sum
of PCB, or p,p′-DDE
[Causative effect of
DDT alone cannot be
demonstrated]
No association between
p,p′-DDE and DNA
damage was found

Yáñez et al.
(2004)

Sperm

54 healthy women residents of the
state of San Luis Potosi, Mexico. One
group of women had a history of
indoor DDT spraying, and another
group had no history of DDT spraying.
All women had a similar ethnic and
socioeconomic background (lowincome Mexican indigenous), and had
lived in their community for at least
5 yr before the study. DDT, DDE and
DDD level were determined in blood
samples
212 male partners of a studied
subfertile couple and 142 non-study
subjects fitting the same inclusion
criteria as the men recruited in the
study from Massachusetts (USA).
PCB, HCB and p,p′-DDE levels were
determined in blood samples from the
donors

(+)

Hauser et al.
(2003)

De Coster
et al. (2008)

DDT
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Tissue

Cell type (if
specified)

End-point

Sperm

Spermatocytes DNA damage

Sperm

Spermatocytes DNA damage

Paraffinembedded
tumour
tissue

Pancreatic
tumour cells

Mutation

Test

Description of exposed and controls

Sperm
311 male donors from a malaria
chromatin
endemic area (Limpopo Province,
structure assay South Africa). The housing in these
communities consists of traditional
mud dwellings with thatched (grass)
roofs or brick and cement houses.
DDT is sprayed inside onto unpainted
brick, cement and mud walls annually,
but not on the painted walls. Levels
of p,p′-DDT and p,p′-DDE were
determined in blood donor samples
Sperm
176 Swedish fishermen (with low
chromatin
and high consumption of fatty
structure assay fish, a very important exposure
source of persistent organochlorine
pollutants). Serum levels of
2,2’,4,4’,5,5’-hexachlorobiphenyl (PCB153) and p,p´-DDE were determined
KRAS
103 pancreatic ductal adenocarcinoma
mutation
Spanish patients in whom KRAS
mutation was determined

Response,
significance

Comments

Reference

+

Weak association
between DDT/DDE
plasma levels and
chromatin integrity of
sperm

de Jager et al.
(2009)

–

Results indicate a trend
to an association DNA
fragmentation and p,p′DDE levels

RignellHydbom et al.
(2005)

+

Cases whose tumours
harboured a KRAS
mutation had higher
concentrations of
p,p′-DDT, p,p′- DDE
and polychlorinated
biphenyls. p,p′-DDT,
p,p′-DDE and PCB
were significantly
associated with the two
most prevalent KRAS
mutations (Val and
Asp) [Causative effect
of DDT alone cannot be
demonstrated]

Porta et al.
(2009)
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Table 4.1 (continued)

Table 4.1 (continued)
Tissue

Cell type (if
specified)

End-point

Test

Description of exposed and controls

Response,
significance

Paraffinembedded
tumour
tissue

Pancreatic
tumour cells

Mutation

KRAS
mutation

51 patients with pancreatic ductal
+
carcinoma from eastern Spain. Cases
of pancreatic cancer with wildtype
KRAS (n = 17) were frequency matched
for age and sex to cases of pancreatic
cancer with a KRAS mutation (n = 34,
case–case study) with positive levels in
serum of p,p′-DDE, p,p′-DDT and PCB
congeners

Paraffinembedded
tumour
tissue

Pancreatic
tumour cells

Mutation

KRAS
mutation

Blood

Lymphocytes

Chromosomal
damage

Chromosomal
aberrations

61 diagnosed patients identified with
pancreatic cancer in the San Francisco
Bay area (USA) with positive levels in
serum of p,p′-DDE, p,p′-DDT and 11
PCB congeners
Exp 1:
50 workers from insecticide plants
S. Paulo (Brazil), 25 of them directly
exposed to DDT from 2 mo to 10 yr
(average weekly exposure of 48 h)
DDT levels were determined in plasma
donor samples

Comments

Reference

Serum concentrations of
p,p′-DDT and p,p′-DDE
were significantly higher
in pancreatic cancer
cases with a KRAS
mutation than in cases
without a mutation.
A specific association
was observed between
a glycine to valine
substitution at codon 12
and both p,p′-DDT and
p,p′-DDE concentrations
[Causative effect of
DDT alone cannot be
demonstrated]

Porta et al.
(1999)

-

Slebos et al.
(2000)

+

Rabello et al.
(1975)

DDT
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Tissue

Cell type (if
specified)

End-point

Test

Blood
(cont.)

Blood

Lymphocytes

Chromosomal
damage

Chromosomal
aberrations

Blood

Lymphocytes

Chromosomal
damage

Chromosomal
aberrations

Blood

Lymphocytes

Chromosomal
damage

Micronucleus
formation

Description of exposed and controls

Response,
significance

Exp 2:
8 subjects directly exposed to DDT
(São Paulo, Brazil) for at least 20
days up to 2 yr (mean 2 mo; 48 h/wk)
and 10 labourers with no history of
occupational exposure to DDT. DDT
levels were determined in plasma
donor samples
Exp 3:
15 workers at a pesticide plant
in the city of São Paulo, S. Paulo
(Brazil). Exposure (including to
methylparathion and DDT) varied
from 1 wk up to 7 yr, with intermittent
periods of non-exposure. 13
unexposed controls
42 male workers (Idaho)
+
occupationally exposed to DDT,
2,4-D, malathion, ethyl parathion,
endosulfan, atrazine, dicamba, among
other pesticides; 16 normal healthy
donors from the same age group
25 male workers (India) occupationally +
exposed to DDT, BHC, malathion,
parathion, dimethoate, fenitrothion,
urea and gromor. 30 normal healthy
males from the same age group and
socioeconomic class for the control
Maternal and umbilical cord blood
–
was collected from 50 mother–infant
pairs from living in a rural area
from Mexico where agriculture
is the main economic activity.
Determinations of aldrin, heptachlor
epoxide, oxichlordane, chlordane,
nonachlor, mirex, endosulfan, α,α-,β,γ-HCH, p′p′-DDT,and p′p′-DDE were
performed

Comments

Reference
Rabello et al.
(1975)
(cont.)

[Causative effect of
DDT alone cannot be
demonstrated]

Yoder et al.
(1973)

[Causative effect of
DDT alone cannot be
demonstrated]

Rupa et al.
(1988)

No variation between
infants and mothers

AlvaradoHernandez
et al. (2013)
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Table 4.1 (continued)

Table 4.1 (continued)
Tissue

Cell type (if
specified)

End-point

Test

Description of exposed and controls

Response,
significance

Blood

Lymphocytes

Chromosomal
damage

Micronucleus
formation

–

Blood

Lymphocytes

Chromosomal
damage

Sister
chromatid
exchanges

Blood

Lymphocytes

Chromosomal
damage

Sisterchromatid
exchanges

Blood

Lymphocytes

Chromosomal
damage

Micronucleus
formation

151 residents near a pesticide dump
site, 151 controls comparison area
residents from Aberdeen, North
Carolina, USA; Exposure to complex
pesticide mixture (DDT, aldrin,
dieldrin, endosulfan, among others),
organic solvents and heavy metals. Of
20 organochlorines tested in exposed
residents, only DDE was detected in
the blood of participants (except for
one individual)
25 male workers (India) occupationally
exposed to DDT, BHC, malathion,
parathion, dimethoate, fenitrothion,
urea and gromor were selected. 30
normal healthy males from the same
age group and socioeconomic class for
the control
61 male pesticide applicators who
worked in cotton fields (India) and
regularly sprayed pesticides such as
DDT, BHC, endosulfan, malathion,
methyl parathion, phosphamidon,
dimethoate, monocrotophos,
quinalphos fenvelrate, and
cypermethrin. Median use of
pesticides 8 h/day and 9 mo/yr; 45
unexposed men were used as matched
control group
1583 residents aged 50–65 yrs from 9
areas with different types of pollution
in Antwerp and Ghent (Belgium).
p,p′-DDE was found in donors
together with several other pollutants
compounds including cadmium, lead,
HCB, PCBs, and dioxins measured in
blood and urine

Comments

Reference
Vine et al.
(2000)

+

[Causative effect of
DDT alone cannot be
demonstrated]

Rupa et al.
(1988)

+

[Causative effect of
DDT alone cannot be
demonstrated]

Rupa et al.
(1991)

–

No association
between p,p′-DDE and
chromosomal damage
was found

De Coster
et al. (2008)

DDT
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+, positive; –, negative; BHC, β-hexachlorocyclohexane; DDD, dichlorodiphenyldichloroethane; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HCB,
hexachlorobenzene; HCH, hexachlorocyclohexane; mo, month; PCB, polychlorinated biphenyl; wk, week; yr, year
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Regarding mutations, results were inconclusive for associations between KRAS mutation in
cancer patients and serum levels of DDT or PCB
congeners. A positive association was reported in
patients with pancreatic ductal adenocarcinoma
and higher serum levels of p,pʹ-DDT, p,pʹ-DDE,
and PCBs. Specifically, an association was
observed between a glycine-to-valine substitution at codon 12 of KRAS and concentrations of
both p,pʹ-DDT and p,pʹ-DDE (Porta et al., 1999,
2009) [A causative effect of DDT alone could not
be demonstrated]. The absence of KRAS mutation in pancreatic cancer was associated with
higher serum levels of p,pʹ-DDE, but the association lacked statistical significance, and no association with absence or presence of the mutation
was found for 11 PCB congeners (Slebos et al.,
2000).
Chromosomal aberrations were induced in
lymphocytes from insecticide-plant workers
directly and continuously exposed to DDT; DDT
induced mostly chromatid-type aberrations
(Rabello et al., 1975). No induction was seen
when workers were chronically but intermittently
exposed to low doses of pesticides; thus a longterm exposure to small doses of pesticides in the
workplace did not seem to increase the basal level
of chromosomal damage (Rabello et al., 1975).
Induction of chromosomal aberrations in
lymphocytes was reported in workers occupationally exposed to DDT, among other pesticides
(Yoder et al., 1973; Rupa et al., 1988). [A causative
effect of DDT alone could not be demonstrated]
No induction of micronucleus formation was
seen in lymphocytes from individuals living near
a pesticide dump site and exposed to a complex
pesticide mixture, including DDT (Vine et al.,
2000). No induction of micronucleus formation
was reported in circulating lymphocytes from
maternal and umbilical cord blood collected
from 50 mother–infant pairs exposed to different
pesticides including DDT (Alvarado-Hernandez
et al., 2013).
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Sister-chromatid exchanges were observed
in lymphocytes from workers occupationally
exposed to DDT, among other pesticides (Rupa
et al., 1988, 1991).
(b)

Human cells in vitro

See Table 4.2 and Table 4.3
DNA adducts were induced by p,pʹ-DDT in
L-02 embryo hepatocyte cells (Shi et al., 2010).
DNA strand breaks, assessed by the comet assay,
were induced by p,pʹ-DDT in L-02 embryo hepatocyte cells (Shi et al., 2010), and by p,pʹ-DDT,
p,pʹ-DDE and p,pʹ-DDD in lymphocytes (Yáñez
et al., 2004; Gajski et al., 2007; Gerić et al., 2012).
p,pʹ-DDT, p,pʹ-DDE and p,pʹ-DDD did not induce
DNA strand breaks by the Fpg-modified comet
methodology in lymphocytes (Gerić et al., 2012).
DDT was negative in the assay for unscheduled
DNA synthesis in lymphocytes (Rocchi et al.,
1980), in VA-4 (Ahmed et al., 1977), or in HeLa
(Brandt et al., 1972) cells. A positive result for
inhibition of the metabolic cooperation was
reported in ASS-skin fibroblast cells exposed to
DDT (Davidson et al., 1985).
Chromosomal aberrations were not induced
in lymphocytes by p,pʹ-DDT (Hart et al., 1972),
or by a non-specified formulation (p,pʹ-DDT,
63–77%; o,pʹ-DDT, 8–20%; p,pʹ-DDE, 3–5%; and
o,pʹ-DDD, 0.2–4%) (Lessa et al., 1976).
Micronuclei were induced in L-02 embryo
hepatocyte cells by p,pʹ-DDT (Shi et al., 2010),
and in lymphocytes by p,pʹ-DDT, p,pʹ-DDE, and
p,pʹ-DDD (Gajski et al., 2007; Garaj-Vrhovac et al.,
2008; Gerić et al., 2012). Other nuclear abnormalities (nuclear buds and nucleoplasmic bridges)
were induced in lymphocytes by p,pʹ-DDT
(Garaj-Vrhovac et al., 2008). Micronuclei were
not induced in HepG2 cells by DDT (Wu et al.,
2003).
(c)

Non-human mammals
See Table 4.4 (and Tables 4.5 and 4.6 online
http://monographs.iarc.fr/ENG/Monographs/
vol113/index.php).

Table 4.2 Genetic and related effects of DDT in human cells in vitro
Tissue, cell line End-point

L-02 embryo
hepatocyte cell
line
L-02 embryo
hepatocyte cell
line
Lymphocytes
Lymphocytes
Lymphocytes
Lymphocytes
VA-4 cell line
HeLa cell line
Lymphocytes
ASS - skin
fibroblast cell
line
Lymphocytes
Lymphocytes

L-02 embryo
hepatocyte cell
line
Lymphocytes

Test

Results
Without
metabolic
activation

With
metabolic
activation

Dose
(LED or HID)

Comments

Reference

DNA oxidative
damage

DNA adducts (8OHdG) formation

+

NT

0.001 μmol/L

p,p′-DDT

Shi et al. (2010)

DNA damage

Comet assay

+

NT

0.01 μmol/L

p,p′-DDT

Shi et al. (2010)

DNA damage
DNA damage
DNA damage
DNA damage

+
+
+
–

NT
NT
NT
NT

250 μg/mL
0.1 μg/mL
40 μg/mL
0.1 μg/mL

p,p′-DDT
p,p′-DDT
p,p′-DDT
p,p′-DDT

Gajski et al. (2007)
Gerić et al. (2012)
Yáñez et al. (2004)
Gerić et al. (2012)

–
–
–
+

NT
NT
NT

1000 μM
18 μg/mL
500 μg/mL
5 μg/mL

DDT
DDT
DDT
DDT

Ahmed et al. (1977)
Brandt et al. (1972)
Rocchi et al. (1980)
Davidson et al. (1985)

Chromosomal
damage
Chromosomal
damage

Comet assay
Comet assay
Comet assay
Fpg-modified comet
assay
UDS assay
UDS assay
UDS assay
Inhibition
of metabolic
cooperation assay
Chromosomal
aberrations
Chromosomal
aberrations

–

NT

100 μg/mL

p,p′-DDT

Hart et al. (1972)

–

NT

40 μg/mL

Lessa et al. (1976)

Chromosomal
damage

Micronucleus
formation

+

NT

0.01 μmol/L

Formulated product DDT
(63–77% of p,p′-DDT; 8–20% of
o,p′-DDT; 3–5% of p,p′-DDE and
0.2–4% of o,p′-DDD).
p,p′-DDT

Chromosomal
damage

Micronucleus
formation

+

NT

0.1 μg/mL

p,p′-DDT

Gerić et al. (2012)

DNA damage
DNA damage
DNA damage
Mutation

Shi et al. (2010)

DDT
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Tissue, cell line End-point

Lymphocytes
Lymphocytes
HepG2 cell line

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

Test

Micronucleus
formation
Micronucleus
formation/Other
nuclear abnormalities
Micronucleus
formation

Results

Dose
(LED or HID)

Comments

Reference

Without
metabolic
activation

With
metabolic
activation

+

NT

250 μg/mL

p,p′-DDT

Gajski et al. (2007)

+

NT

0.025 μg/mL

p,p′-DDT

Garaj-Vrhovac et al.
(2008)

–

NT

60 μM

DDT

Wu et al. (2003)

+, positive; –, negative; DDD, dichlorodiphenyldychloroethane; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HCB, hexachlorobenzene; HID,
highest ineffective dose; LED, lowest effective dose; NT, not tested; 8-OH-dG, 8-oxo-2ʹ-deoxyguanosine; PAHs, polycyclic aromatic hydrocarbons; PCBs, polychlorinated biphenyls;
SEQ, sediment equivalent; UDS, unscheduled DNA synthesis
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Table 4.2 (continued)

Table 4.3 Genetic and related effects of metabolites of DDT in human cells in vitro
Tissue, cell line End-point

Lymphocytes
Lymphocytes
Lymphocytes
Lymphocytes
Lymphocytes

DNA damage
DNA damage
DNA damage
DNA damage
DNA damage

Lymphocytes

DNA damage

Lymphocytes

Chromosomal
damage
Chromosomal
damage

Lymphocytes

Test

Comet assay
Comet assay
Comet assay
Comet assay
Fpg-modified
comet assay
Fpg-modified
comet assay
Micronucleus
formation
Micronucleus
formation

Results

Dose (LED
or HID)

Comments

Reference

Without
metabolic
activation

With
metabolic
activation

+
+
+
+
–

NT
NT
NT
NT
NT

4.1 μg/mL
40 μg/mL
3.9 μg/mL
40 μg/mL
4.1 μg/mL

p,p′-DDE
p,p′-DDE
p,p′-DDD
p,p′-DDD
p,p′-DDE

Gerić et al. (2012)
Yáñez et al. (2004)
Gerić et al. (2012)
Yáñez et al. (2004)
Gerić et al. (2012)

–

NT

3.9 μg/mL

p,p′-DDD

Gerić et al. (2012)

+

NT

4.1 μg/mL

p,p′-DDE

Gerić et al. (2012)

+

NT

3.9 μg/mL

p,p′-DDD

Gerić et al. (2012)

+, positive; –, negative; DDD, dichlorodiphenyldichloroethane; DDE, dichlorodiphenyldichloroethylene; DDT, dichlorodiphenyltrichloroethane; HID, highest ineffective dose; LED,
lowest effective dose; NT, not tested
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Species, strain,
sex

Tissue

End-point

Test

Results

Dose (LED
or HID)

Route, duration,
dosing regimen

Comments

Reference

Hepatic cells

DNA damage

Alkaline elution

+

40 mg/kg

DDT

Hepatic cells

DNA damage

+

500 mg/kg

Lymphocytes
isolated

DNA damage

Primary DNAlesions
Comet assay

p.o. × 1, sampled after
6, 12, and 24 h
p.o. × 1 by gavage

+

7 mg/m3

Inh. 8 h/d, 6 d/wk for
5 mo

DDT

DNA damage

Comet assay

+

7 mg/m3

Inh. 8 h/d, 6 d/wk for
5 mo

DDT

DNA damage

Comet assay

+

75 mg/kg

p.o. × 1, sampled after
3, 8 and 24 h

p,p′-DDT

DNA damage

Comet assay

–

75 mg/kg

p,p′-DDT

DNA damage

Comet assay

–

75 mg/kg

p.o. × 1, sampled after
3, 8 and 24 h
p.o. × 1
killed after 3, 8, and
24 h

Rat, albino, male

Epithelial
mammary
cells
Stomach,
colon, liver,
kidney,
bladder, lung,
Brain, bone
marrow
Stomach,
colon, liver,
kidney,
bladder, lung,
brain, bone
marrow
Germ cells

Hassoun et al.
(1993)
Hilpert et al.
(1983)
CanalesAguirre et al.
(2011)
CanalesAguirre et al.
(2011)
Sekihashi et
al. (2002)

Mutation

Dominant lethal
assay

+

50 mg/kg

p,p′-DDT

Palmer et al.
(1973)

Rat, albino, male

Germ cells

Mutation

Dominant lethal
assay

–

80 mg/kg

p.o. 1 × /d for 5 days
then mated with
females immediately
after the last injection.
Females killed 13 days
after the mid-week of
mating
p.o. 1 × /d for 5 days
then mated with
females immediately
after the last injection.
Females killed 13 days
after the mid-week of
mating

p,p′-DDT

Palmer et al.
(1973)

Mammals
Rat, SpragueDawley, female
Rat, Wistar,
female
Rat, Wistar,
female
Rat, Wistar,
male
Rat, Wistar,
male
Rat, Wistar,
male
Mouse, ddY,
male

DDT

p,p′-DDT

Sekihashi et
al. (2002)
Sekihashi et
al. (2002)

IARC MONOGRAPHS – 113

208

Table 4.4 Genetic and related effects of DDT in non-human mammals in vivo

Table 4.4 (continued)
Species, strain,
sex

Tissue

End-point

Test

Results

Dose (LED
or HID)

Route, duration,
dosing regimen

Comments

Reference

Mouse, Swiss
ICR/Ha, male
Mouse, NMRI,
male
Mouse, Swiss
CD-1, male
Mouse, CF/1,
aabbcc, male

Germ cells

Mutation

–

130 mg/kg

i.p. × 1

DDT

Germ cells

Mutation

–

DDT

Mutation

–

1200 mg/
kg
105 mg/kg

i.p. x 1

Germ cells

i.p. x 1

DDT

Germ cells

Mutation

Dominant lethal
(acute) assay
Dominant lethal
(acute) assay
Dominant lethal
(acute) assay
Spot test

–

25 mg/kg

DDT

Mouse, Swiss
albino, male

Germ cells

Mutation

Dominant lethal
(acute) assay

+

150 mg/kg

p.o. in diet for
life span over 5
generations
p.o. 1 × /day for 2 days

Epstein et al.
(1972)
Buselmaier et
al. (1972)
Epstein &
Shafner (1968)
Wallace et al.
(1976)

Dominant lethal
(chronic) assay

+

100 mg/kg

p.o. 2 × /wk for 10 wk
s.c. on d 21, 23, 25,
27, 29, 31, 32, and 34
postpartum, sampled
on day 35
i.p × 1, sampled after
18, 24, and 48 h
i.p 1 × /d for 5 days,
sampled 6 h after the
last injection
p.o. × 1. sampled after
18, 24, and 48 h
p.o. 1 × /day for
5 days, sampled 6 h
after the last injection
Inh. 8 h/day, 6 d/wk
for 5 mo

Rat, SpragueDawley, female

Mammary
gland tissue
sections

Chromosomal Chromosomal
damage
aberrations

+

50 mg/kg

Rat, OsborneMendel, male

Bone marrow
cells

Chromosomal Chromosomal
damage
aberrations

–

200 mg/kg

–

200 mg/kg

–

100 mg/kg

–

100 mg/kg

Rat, Wistar,
female

Oral mucosa
cells

Chromosomal Micronucleus
damage
induction

+

7 mg/m3

Rat, SpragueDawley, female

Mammary
gland tissue
sections

Chromosomal Micronucleus
damage
formation

–

50 mg/kg

Clark (1974)

DDT

Legator et al.
(1973)

Uppala et al.
(2005)

DDT
DDT
DDT
DDT
o,p′-DDT

CanalesAguirre et al.
(2011)
Uppala et al.
(2005)
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DDT

s.c. on day 21, 23, 25,
27, 29, 31, 32 and 34
postpartum, sampled
on day 35

Formulation (p,p′-DDT,
80%; o,p′-DDT, 18%;
p,p′-DDE, 2%)
Formulation (p,p′-DDT,
80%; o,p′-DDT, 18%;
p,p′-DDE, 2%)
o,p′-DDT

Species, strain,
sex

Tissue

End-point

Test

Results

Dose (LED
or HID)

Route, duration,
dosing regimen

Comments

Reference

Mouse, BALB/c,
sex NR
Mouse, BALB/c,
sex NR
Mouse, sex
NR

Bone marrow
cells
Bone marrow
cells
Spleen cells

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

Chromosomal
aberrations
Chromosomal
aberrations
Chromosomal
aberrations

+

100 mg/kg

i.p. × 1

DDT

+

50 mg/kg

DDT

+

5.5 mg/kg

Mouse, Swiss
albino, male

Spermatocytes

Chromosomal Chromosomal
damage
aberrations

+

250 mg/kg

i.p. × 1, killed 48 h
after treatment
i.p. × 1, killed 6,
24, and 48 h after
treatment
p.o. × 1 × /day for 2 d

Johnson &
Jalal (1973)
Larsen & Jalal
(1974)
Amer et al.
(1996)

Rabbit, New
Zealand White,
female
Mouse, BALB/c,
sex NR
Mouse, BALB/c,
sex NR
Mouse, CD1,
male
Mouse, CD1,
male
Mouse hybrid
C57BL/6 × C3H/
He

Lymphocytes

Chromosomal Chromosomal
damage
aberrations

–

50 mg/kg

p.o. × 1 at day 7, 8, 9,
and 28 of gestation

Bone marrow
cells
Bone marrow
cells
Hair follicle

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

+

100 mg/kg

–
+

Bone marrow
cells
Bone marrow
cells

Chromosomal
stickiness
Chromosomal
stickiness
Nuclear
aberration assay
Micronucleus
formation
Micronucleus
formation

–
–

DDT
Formulation (p,p′-DDT,
80%; o,p′-DDT, 18%;
p,p′-DDE, 2%)
p,p′-DDT

Clark (1974)

i.p. × 1

DDT

250 mg/kg

i.p. × 1

DDT

1/4 dermal
LD50
1/4 dermal
LD50
1/2 LC50

Topically × 1, 24 h
before analysis
Topically × 1, 24 h
before analysis
i.p 1 × /day for 5 d,
killed 4 h after the last
injection

DDT

Johnson &
Jalal (1973)
Larsen & Jalal
(1974)
Schop et al.
(1990)
Schop et al.
(1990)
Bruce &
Heddle (1979)

DDT
DDT

Hart et al.
(1972)

+, positive; –, negative; ± , equivocal (variable response in several experiments within an adequate study); DDE, dichlorodiphenyldichloroethylene; DDT,
dichlorodiphenyltrichloroethane; HID, highest ineffective dose; inh., inhalation; i.p., intraperitoneal; LC, lethal concentration; LD, lethal dose; LED, lowest effective dose (units as
reported); mo, month; NR, not reported; NT, not tested; NA, not applicable; p.o., oral; s.c., subcutaneous; wk, week
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Table 4.4 (continued)

DDT
(i)

In vivo
The comet assay for DNA strand breaks
gave negative results in mouse stomach, colon,
liver, kidney, lung, brain, and bone marrow cells
after oral exposure to p,pʹ-DDT (Sekihashi et al.,
2002). In rats, oral exposure to p,pʹ-DDT induced
DNA strand breaks assessed by the comet assay
in stomach, colon, liver, kidney, bladder, and
lung, but not in brain and bone marrow cells
(Sekihashi et al., 2002). DNA strand breaks by
alkaline elution were seen in rat hepatocytes after
oral exposure to DDT (Hassoun et al., 1993).
Inhalation exposure to DDT induced DNA
strand breaks in the comet assay in rat lymphocytes and epithelial mammary cells (CanalesAguirre et al., 2011).
In mice, there was no mutagenic effect of
DDT as seen by the dominant lethal assay after
intraperitoneal exposure (Epstein & Shafner,
1968; Buselmaier et al., 1972; Epstein et al.,
1972), or by the spot test after oral exposure to
DDT (Wallace et al., 1976). A positve mutagenic
effect was seen in the dominant lethal assay in
mice following 2-day or 10-week oral exposure
to a non-specified DDT formulation (p,pʹ-DDT,
80%; o,pʹ-DDT, 18%; and p,pʹ-DDE, 2%) (Clark,
1974). In rats, there are inconsistent results for
mutagenic effects. Positive results were also seen
for the dominant lethal assay after oral exposure
to p,pʹ-DDT, but negative results were seen after
intraperitoneal exposure (Palmer et al., 1973).
Positive results were reported for inhibition of
metabolic cooperation in hepatocytes of rats
exposed orally to p,pʹ-DDT (Sugie et al., 1987).
Induction of chromosomal aberrations
in mouse bone marrow and spleen cells was
observed after intraperitoneal exposure to DDT
(Johnson & Jalal, 1973; Larsen & Jalal, 1974;
Amer et al., 1996), and in spermatocytes after oral
exposure to a non-specified DDT formulation
(p,pʹ-DDT, 80%; o,pʹ-DDT, 18%; and p,pʹ-DDE,
2%) (Clark, 1974). Induction of chromosomal
damage by chromosomal stickiness analysis gave

both positive (Johnson & Jalal, 1973) and negative (Larsen & Jalal, 1974) results in mouse bone
marrow cells after intraperitoneal exposure to
DDT. Chromosomal damage by the hair follicle
assay was induced in mice after topical exposure to DDT (Schop et al., 1990). No induction
of micronuclei was seen in mouse bone marrow
cells after topical exposure to DDT (Schop et al.,
1990), or in hybrid C57BL/6 × C3H/He mice
after intraperitoneal treatment (Bruce & Heddle,
1979).
Inconclusive results were reported for the
induction of chrosomal aberrations by DDT in
the rat. Positve results were seen after subcutaneous treatment of rats with o,pʹ-DDT (Uppala
et al., 2005). No induction of chromosomal aberrations was reported in rat bone marrow cells
after intraperitoneal and oral exposure to DDT
(Legator et al., 1973). Positive results for micronucleus formation were found in rat oral mucosa
after oral exposure to DDT (Canales-Aguirre
et al., 2011), but not in rat mammary gland cells
after subcutaneous exposure to o,pʹ-DDT (Uppala
et al., 2005). In rabbits, no induction of chromosomal aberrations in lymphocytes was seen in
pregnant females treated orally with p,pʹ-DDT
on days 7, 8, 9, and 28 of gestation (Hart et al.,
1972).
(ii)

In vitro
DNA strand breaks were induced by p,pʹ-DDE,
but not DDT, in the alkaline elution assay in rat
primary hepatocytes (Sina et al., 1983).
Results were negative with DDT, DDE, or
p,pʹ-DDE in the assay for unscheduled DNA
synthesis in primary hepatocytes of mice, rats,
and Chinese hamsters (Klaunig et al., 1984;
Maslansky & Williams, 1981; Probst et al.,
1981; Williams et al., 1982). No induction of
DNA damage was found with p,pʹ-DDT in the
alkaline elution assay with and without S9 in
Chinese hamster V79 cells (Swenberg et al., 1976;
Swenberg, 1981).
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In the cell transformation assay, DDT was
positive in mouse Balb/c 3T3 fibroblasts with or
without S9 (Fitzgerald et al., 1989), but p,pʹ-DDT
and p,pʹ-DDE gave negative results in mouse
embryo cells (Langenbach & Gingell, 1975).
p,pʹ-DDE gave positive results in assays for TK
(Clive et al., 1979; McGregor et al., 1988) and
Hprt mutation (Amacher & Zelljadt, 1984) in
L5178Y mouse lymphoma cells. DDT was not
mutagenic in the ARL/HGPRT assay in rat liver
cells (Telang et al., 1981). p,pʹ-DDT was negative in Hprt, 6-thioguanine (6-TO) resistance,
and diphtheria toxin (DT) resistance assays in
Chinese hamster V79 cells (Kelly-Garvert &
Legator, 1973; Tsushimoto et al., 1983).
p,pʹ-DDE, but not p,pʹ-DDT, induced chromosomal aberrations in Chinese hamster V79
cells (Kelly-Garvert & Legator, 1973). In Chinese
hamster B14 F28 cells, chromosomal aberrations were induced by p,pʹ-DDT, p,pʹ-DDE,
and p,pʹ-DDA, but not by p,pʹ-DDD (Mahr &
Miltenburger, 1976). In Chinese hamster ovary
cells, DDE did not induce chromosomal aberrations, regardless of the presence or absence of S9
microsomal fraction, but induced a borderline
increase in the frequency of sister-chromatid
exchange when S9 was present (Galloway et al.,
1987).
In rat kangaroo cells, chromosomal aberrations were induced after exposure to p,pʹ-DDT,
o,pʹ-DDT, p,pʹ-DDE, o,pʹ-DDE, p,pʹ-DDD, and
o,pʹ-DDD, but not after exposure to p,pʹ-DDA
(Palmer et al., 1972). In rabbit lymphocytes,
p,pʹ-DDT did not induce chromosomal aberrations (Hart et al., 1972). In whale skin fibroblasts, micronucleus formation was induced by
p,pʹ-DDT when S9 was present (Gauthier et al.,
1999).
(e)

Non-mammalian systems

See Tables 4.7 and 4.8 (available online at
http://monographs.iarc.fr/ENG/Monographs/
vol113/index.php).
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(i) Insects
In Drosophila melanogaster, positive findings were reported in Accord insertion assays
for DDT (Catania et al., 2004), as well as in the
dominant lethal assay for a non-specified DDT
formulation (p,pʹ-DDT, 80%; o,pʹ-DDT, 18%;
and p,pʹ-DDE, 2%) (Clark, 1974). Mutagenic
effects in the sex-linked recessive lethal assay
were inconsistent. A positive mutagenic effect
was reported for p,pʹ-DDE (in feeding media
but not when injected) (Valencia et al., 1985)
and 2,2-bis(p-chlorophenyl) acetic acid (DDA)
(Vogel, 1972). Negative results were reported in
the sex-linked recessive lethal test with p,pʹ-DDT,
DDE, DDD, DDOM and a non-specified DDT
formulation (p,pʹ-DDT, 80%; o,pʹ-DDT, 18%;
and p,pʹ-DDE, 2%) (Pielou, 1952; Vogel, 1972;
Clark, 1974). The formulation was positive in the
dominant lethal test and induced chromosomal
aberrations (Clark, 1974). Chromosomal aberrations were not induced by an unspecified formulation (Woodruff et al., 1983) or by p,pʹ-DDE in
the heritable translocation assay (Valencia et al.,
1985). In other insects, chromosomal damage was
induced in Anopheles arabiensis and Anopheles
gambie survivors of DDT exposure (Nigatu et al.,
1995; Brooke et al., 2002).
(ii) Lower eukaryotes
In Saccharomyces cerevisiae, results were
negative in assays for mitotic gene conversion
and colony formation with DDT, DDE, DDD, or
DDA (Fahrig, 1974), and in the assay for mitotic
chromosomal loss with p,pʹ-DDT (Albertini
et al., 1988). Chromosomal damage was induced
in the intrachromosomal recombination assay by
p,pʹ-DDE in the absence but not in the presence
of S9 (Schiestl, 1989; Schiestl et al., 1989).
In Aspergillus nidulans, p,pʹ-DDT was negative in assays for forward mutation and for chromosomal aberrations (Crebelli et al., 1986).
In Neurospora crassa, a formulation of DDT
(p,pʹ-DDT, 80%; o,pʹ-DDT, 18%; p,pʹ-DDE; 2%)

DDT
gave negative (in vivo) or equivocal (in vitro)
results in the host-mediated assay (Clark, 1974).
(iii)

Prokaryotes
In Salmonella typhimurium, DDT was negative in the assay for reverse mutation, regardless
of the presence or absence of S9, in strains TA92,
TA98, TA100, TA1535, TA1536, TA1537, TA1538,
TA1978, C3076, D3052, and G46 (Byeon et al.,
1976; Marshall et al., 1976; Van Dijck & Van de
Voorde, 1976; Probst et al., 1981; Glatt & Oesch,
1987). No mutagenic effects were reported with
p,pʹ-DDT or DDE, regardless of the presence or
absence of S9, in numerous strains (TA92, TA98,
TA100, TA1535, TA1536, TA1537, TA1538,
TA1950, and TA1978) (Marshall et al., 1976; Van
Dijck & Van de Voorde, 1976; Moriya et al., 1983;
Glatt & Oesch, 1987).
A positive result was reported in the assay
for reverse mutation with the DDT metabolite
l-chloro-2,2-bis(p-chlorophenyl)ethene
(DDMU)-epoxide in strain TA100 in the absence
of S9 (Gold et al., 1981). No mutagenic effect of the
DDT metabolite 2,2-bis(p-chlorophenyl)-2-chloroacetaldehyde (αC1-DDCHO) was reported in
strain TA100 (Gold et al., 1981), or with DDT
metabolite 1,1-bis(p-chlorophenyl)-2,2-dichloroethane in strain TA98 (Glatt & Oesch, 1987).
However, mutagenic activity was observed for
the latter when norharman was added to the S9
(Glatt & Oesch, 1987).
In Escherichia coli Q-13 exposed to DDT in the
presence of S9, no DNA damage was seen in the
DNA-cell-binding assay (Kubinski et al., 1981).
In E. coli, DDT was not mutagenic in the SOS
chromotest assay, with or without S9, in strain
PQ37 (Dayan et al., 1987). No mutagenic effects
were seen with DDT, DDE, or p,pʹ-DDE, with or
without S9, in strain WP2 uvrA, or in strain WP2
hcr with p,pʹ-DDT or p,pʹ-DDE (Probst et al.,
1981; Moriya et al., 1983; Mamber et al., 1984;
Glatt & Oesch, 1987). p,pʹ-DDT, p,pʹ-DDE, and
p,pʹ-DDD were not mutagenic in the assay for
reverse mutation, with or without S9, in strain

Pol-A (Fluck et al., 1976). In Bacillus subtilis, a
negative result in the Rec assay was reported with
DDT (Shirasu et al., 1976).
In Serratia marcescens, DDD gave positive results in the assay for reverse mutation
(Buselmaier et al., 1973). Negative results were
reported with DDT, DDE, and DDA in the
host-mediated assay (in vivo) (Buselmaier et al.,
1973).

4.2.6 Inflammation
(a)

Humans

No studies in exposed humans were available
to the Working Group.
DDT and its metabolites induced a pro-inflammatory state, with production of pro-inflammatory cytokines and prostaglandins,
in multiple types of human cells in vitro. In
peripheral blood mononuclear cells isolated
from healthy individuals (not exposed to DDE),
a proinflammatory state was induced at a low
concentration of p,pʹ-DDE (10 μg/mL), while
apoptosis was triggered at the higher concentration of p,pʹ-DDE (80 μg/mL) (Alegría-Torres
et al., 2009; Cárdenas-González et al., 2013).
p,pʹ-DDE enhanced the expression of proinflammatory cytokines (TNF-α, IL-1beta, IL-6) and
COX-2 induction at the protein level (CárdenasGonzález et al., 2013). In a human trophoblast-derived cell line, exposure to DDE and
DDD induced the expression of COX-2 protein,
leading to increased production of prostaglandin
E(2) (PGE2) (Dominguez-Lopez et al., 2012). In
the U937 human macrophage cell line, p,pʹ-DDT
upregulated mRNA expression of the pro-inflammatory genes COX-2 and VEGF (Sciullo
et al., 2010). Studies by Dutta et al. (2008) showed
that DDT significantly enhanced production of
tumour necrosis factor-α (TNF-α) and nitric
oxide (NO) in macrophages. In human MCF-7
and MDA-MB-231 breast-cancer cell lines,
o,pʹ-DDT markedly increased COX-2 protein
levels, COX-2 mRNA expression and promoter
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activity, and production of PGE(2), activating the
cyclic-AMP response element (CRE), and raising
levels of cAMP and binding of cyclic-AMP
response element binding protein (CREB).
o,pʹ-DDT induced the activity of aromatase,
and was correlated with upregulation of COX-2,
and mediated via CRE activation and PKA and
PI3-kinase/Akt signalling pathways in breastcancer cells (Han et al., 2010).
(b)

Experimental systems

(i)

In vivo
In the intestine of CYP3A4-transgenic mice,
o,pʹ-DDT (1 mg/kg) induced increases in CYP3A4
and mouse Cyp3a11 mRNA (Medina-Díaz et al.,
2007). The inducibility of CYP3A4 was attenuated at higher doses of o,pʹ-DDT, accompanied
by moderate increases in the mRNA of interleukin-6 (a repressor of CYP3A4 transcription)
(Medina-Díaz et al., 2007). [The Working Group
notes the relevance of this finding to the induction of lymphomas in the gastrointestinal tract
and liver tumours.]
In rats exposed to p,pʹ-DDT (0, 5, 50, or 500
ppm) for up to 2 years, microcystic anaemia was
induced in a dose-dependent manner (Tomita
et al., 2013). In ovarectomized rats, p,pʹ-DDT
significantly increased (by threefold) the number
of blood eosinophils, and increased their degranulation (Bustos et al., 1995).
(ii)

In vitro
Similar to findings in human macrophages,
o,pʹ-DDT increased the production of NO and
proinflammatory cytokines (IL-1beta, IL-6,
TNF-α) in a dose-dependent manner in murine
macrophages (Kim et al., 2004). In murine RAW
264.7 macrophages, exposure to o,pʹ-DDT caused
a marked increase in the production of PGE2
(a COX-2 metabolite), and a dose-dependent
increase in levels of COX-2 protein and mRNA
Han et al. (2008).
In bovine epithelial cells and muscle strips
of bovine oviducts, DDT and DDE significantly
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enhanced prostaglandin secretion at concentrations that did not affect cell viability (Wrobel
et al., 2012), consistent with findings in cells from
humans and other mammalian species.

4.2.7 Other mechanisms
Several studies were identified on epigenetic
alterations with DDT exposure. In humans, Huen
et al. (2014) reported an association between
higher prenatal exposure to DDT and/or DDE
and lower Alu methylation at birth, particularly
after adjusting for cell type composition (P = 0.02
for o,pʹ -DDT) in a birth cohort of MexicanAmerican children in the Center for the Health
Assessment of Mothers and Children of Salinas
(CHAMACOS) study. In leukocyte DNA from
Japanese women, the global methylation level was
significantly decreased by 0.33–0.83% per quartile category for serum o,pʹ-DDT and p,pʹ-DDT,
amongst other compounds (Itoh et al., 2014).
Similarly, after adjusting for age and cigarette
smoking, Rusiecki et al. (2008) reported statistically significant inverse linear relationships in
the Alu assay with p,pʹ-DDT, p,pʹ-DDE, and the
sum of all persistent organic pollutants, but no
multivariate analyses were conducted and the
results were not adjusted for multiple comparisons. Studies in rats also reported epigenetic
effects with DDT (Shutoh et al., 2009; Skinner
et al., 2013; Chanyshev et al., 2014).
Regarding immortalization, the AHS
reported that the mean relative telomere length
in buccal cells decreased significantly with lifetime intensity-weighted days (P = 0.04), but not
with lifetime days of DDT use (P = 0.08) (Hou
et al., 2013).
Regarding DNA repair, Kushida et al.
(2005) reported that mRNA levels for 8-oxoguanine glycosylase 1 were inversely correlated
with GST-P-positive foci in liver in studies
of N-diethylnitrosamine initiation and DDT
promotion.

DDT

4.3 Data relevant to comparisons
across agents and end-points
4.3.1 General description of the database
The analysis of the in-vitro bioactivity of the
agents reviewed in IARC Monographs Volume
113 (i.e. 2,4-D, lindane, and DDT) was informed
by data from high-throughput screening
assays generated by the Toxicity Testing in the
21st Century (Tox21) and Toxicity Forecaster
(ToxCastTM) research programmes of the government of the USA (Kavlock et al., 2012; Tice
et al., 2013). At its meeting in 2014, the Advisory
Group To Recommend Priorities for the IARC
Monographs programme encouraged inclusion
of analysis of high-throughput and high-content
data (including from curated government databases) (Straif et al., 2014).
Lindane, DDT (p,p′-DDT, o,p′-DDT,
p,p′-DDE, p,p′-DDD), and 2,4-D were among
the approximately 1000 chemicals tested across
the full assay battery of the Tox21 and ToxCast
research programmes as of 27 April 2015. This
assay battery includes 342 assays, for which data
on 821 assay end-points (several assays include
multiple end-point readouts) are publicly available on the website of the ToxCast research
programme (EPA, 2015a). Detailed information
about the chemicals tested, assays used, and associated procedures for data analysis is also publicly
available (EPA, 2015b). It should be noted that
the metabolic capacity of the cell-based assays is
variable, and generally limited.

4.3.2 Aligning in vitro assays to 10 “key
characteristics” of known human
carcinogens
In order to explore the bioactivity profiles of
the agents being evaluated in IARC Monographs
Volume 113 with respect to their potential
impact on mechanisms of carcinogenesis, the
821 available assay end-points in the ToxCast/

Tox21 database were first mapped to the 10 key
characteristics of known human carcinogens
(Smith et al., 2016). Working Group members
and IARC Monographs staff made independent
assignments for each assay type to one or more
“key characteristics.” The assignment was based
on the biological target being probed by each
assay. The consensus assignments comprise 265
assay end-points that mapped to 6 of the 10 “key
characteristics” as shown below. Within each key
characteristic, the assays were further divided
by the Working Group into subsets of similar
end-points.
1. Is electrophilic or can undergo metabolic
activation (31 end-points): no assays directly
measure electrophilicity or metabolic activation. However, assay end-points measuring
CYP inhibition (29 end-points) and aromatase
inhibition (2 end-points) were mapped to this
characteristic.
2. Is genotoxic (0 end-points): no assay end-points
were mapped to this characteristic.
3. Alters DNA repair or causes genomic instability (0 end-points): no assay end-points were
mapped to this characteristic.
4. Induces epigenetic alterations (11 end-points):
the assay end-points mapped to this characteristic measure targets associated with
DNA binding (e.g. transcription factors) (4
end-points) and transformation catalysts (e.g.
histone deacetylase) (7 end-points).
5. Induces oxidative stress (18 end-points): the
assay end-points mapped to this characteristic measure oxidative stress via cell imaging
(7 end-points), markers of oxidative stress
(e.g. nuclear factor erythroid 2-related factor,
NRF2) (6 end-points), and metalloproteinase
(5 end-points).
6. Induces chronic inflammation (45 end-points):
the assay end-points mapped to this
characteristic measure cellular adhesion
(14 end-points), cytokines (e.g. IL8) (29
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end-points), and nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB)
activity (2 end-points).
7. Is immunosuppressive (0 end-points): no assay
end-points were mapped to this characteristic.
8. Modulates receptor-mediated effects (92
end-points): a large and diverse collection
of cell-free and cell-based assay end-points
measuring nuclear and other receptor bioactivity, specifically aryl hydrocarbon receptor
(AhR) (2 end-points), androgen receptor (11
end-points), ER (18 end-points), farnesoid X
receptor (FXR) (7 end-points), peroxisome
proliferator-activated receptor (PPAR) (12
end-points), pregnane X receptor_vitamin
D receptor (PXR_VDR) (7 end-points), retinoic acid receptor (RAR) (6 end-points), and
others (29 end-points), were mapped to this
characteristic.
9. Causes immortalization (0 end-points):
no assay end-points were mapped to this
characteristic.
10. Alters cell proliferation/death or nutrient supply
(68 end-points): the assay end-points mapped
to this characteristic measure cytotoxicity
(41 end-points), mitochondrial toxicity (7
end-points), cell cycle (16 end-points), and
cell proliferation (4 end-points).
By matching assays to key characteristics,
additional insights could be obtained on the
bioactivity profile for each compound specifically for the purpose of evaluating their potential
to interact with or affect mechanisms involved
in carcinogenesis. In addition, for each chemical,
the results of the in-vitro assays that represent
each “key characteristic” can be compared with
the results for a larger compendium of substances
with similar in-vitro data, so that a particular
chemical can be aligned with other chemicals
with similar toxicological effects. Nonetheless,
the available assays do not cover the full spectrum of targets that may be associated with these
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mechanisms, and metabolic capacity in many of
the assays is limited, which could account for any
absence of bioactivity. Conversely, the presence
of bioactivity alone does not definitively imply
that the agent exhibits that key characteristic, as
the assay data are considered along with other
information, both in vivo and in vitro.
The Working Group then extracted information from the ToxCast database concerning
whether a chemical was “active” or “inactive”
for each of the selected assay end-points (Sipes
et al., 2013; EPA, 2015b). In the analysis by the
Working Group, each “active” was given a value
of 1, and each “inactive” was given a value of
0. Thus, by assigning all active compounds a
value of 1, the micromolar “potency” estimates
from the concentration–response data were not
explicitly modelled.
Next, to integrate the data across individual
assay end-points into the cumulative score
for each “key characteristic,” the toxicological
prioritization index (ToxPi) approach (Reif et al.,
2010) and associated software (Reif et al., 2013;
Filer et al., 2014) were used. In the Working
Group′s analyses, the ToxPi score provides a
visual measure of the potential for a chemical to
be associated with a “key characteristic” relative
to 181 chemicals that have been previously evaluated by the IARC Monographs and that have been
screened by ToxCast. Assay end-point data were
available in ToxCast for these 181 chemicals, and
not for other chemicals previously evaluated
by IARC. ToxPi is a dimensionless index score
that integrates multiple, different, assay results
and displays them visually. Within each subset
of end-points (“slice”), data are translated into
ToxPi slice-wise scores for all compounds as
detailed below and in the publications describing
the approach and the associated software package
(Reif et al., 2013). Within each individual slice for
a given chemical, the distance from the origin
represents the relative chemical-elicited activity
of the component assays (i.e. slices extending
farther from the origin were associated with

DDT
“active” calls on more assays). The overall score
for a chemical, visualized as a radial ToxPi profile,
is the aggregation of all slice-wise scores.
The list of ToxCast/Tox21 assay end-points
included in the analysis by the Working Group,
description of the target and/or model system for
each end-point (e.g. cell type, species, detection
technology, etc.), their mapping to 6 of the 10
“key characteristics” of known human carcinogens, and the decision as to whether each chemical was “active” or “inactive” are available as
supplemental material to Monographs Volume
113 (IARC, 2017b). The output files generated for
each “key characteristic” are also provided in the
supplemental material, and can be opened using
ToxPi software that is freely available for download without a licence (Reif et al., 2013).

4.3.3 Specific effects across 6 of the 10 “key
characteristics” based on data from
high-throughput screening data in vitro
The relative effects of DDT were compared
with those of 181 chemicals selected from the
more than 800 chemicals previously evaluated
by the IARC Monographs and also screened
by the Tox21/ToxCast programmes, and with
those of the other compounds evaluated in
the present volume of the IARC Monographs
(Volume 113) and with their metabolites. Of
these 181 chemicals previously evaluated by the
IARC Monographs and screened in the ToxCast/
Tox21 programmes, 8 are classified in Group 1
(carcinogenic to humans), 18 are in Group 2A
(probably carcinogenic to humans), 59 are in
Group 2B (possibly carcinogenic to humans), 95
are in Group 3 (not classifiable as to its carcinogenicity to humans), and 1 is in Group 4 (probably not carcinogenic to humans). The results
are presented in a dot plot as a rank order of all
compounds in the analysis arranged in the order
of their relative activity). The results are presented
in a dot plot as a rank order of all compounds in
the analysis arranged in the order of their relative

activity. The relative positions of lindane, DDT
(p,p′-DDT, o,p′-DDT, p,p′-DDE, p,p′-DDD), and
2,4-D in the ranked list are also shown on the
y-axis. The colour scheme legend (lower left in
each plot) annotates each compound according
to its previous IARC Monographs group classification. The legend key (lower right graphic in
each plot) lists components of the ToxPi chart
as subcategories that comprise assay end-points
in each characteristic, as well as their respective
colour-coding (see Section 4.3.2; IARC, 2017b).
The ToxPi profile and numeric score are shown
for the highest-ranked chemical in each analysis
(directly above the legend key) to represent the
maximum ToxPi score and and for DDT (upper
frames).
Characteristic (1) Is electrophilic or can
undergo metabolic activation: p,pʹ-DDT was not
active for any of the assay end-points tested.
o,pʹ-DDT was active for 1 of the assay end-points
tested. p,pʹ-DDE was not active for any of the
assay end-points tested. p,pʹ-DDD was active for
1 of the assay end-points tested. In comparison,
the highest-ranked chemical, malathion (IARC
Group 2A; IARC, 2017a), was active for 20 out
of 29 assay end-points related to CYP inhibition
and in 1 out of 2 related to aromatase inhibition
(Fig. 4.3).
Characteristic (4) Induces epigenetic alterations: p,pʹ-DDT was active for two of the assay
end-points tested. o,pʹ-DDT was active for 2 of
the assay end-points tested. p,pʹ-DDE was active
for 2 of the assay end-points tested. p,pʹ-DDD
was active for 4 of the assay end-points tested.
In comparison, the highest-ranked chemical,
captan (IARC Group 3; IARC, 1983) was active
for 0 out of 4 DNA binding assay end-points and
5 out of 7 transformation catalyst (e.g. histone
modification) assay end-points (Fig. 4.4).
Characteristic (5) Induces oxidative stress:
p,pʹ-DDT was active for 9 of the assay end-points
tested. o,pʹ-DDT was active for 4 of the assay
end-points tested. p,pʹ-DDE was active for 5 of
the assay end-points tested. p,pʹ-DDD was active
217

IARC MONOGRAPHS – 113
Fig. 4.3 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points mapped to
metabolic activation
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On the left-hand side, the relative rank of DDT, and its metabolites, is shown (y-axis) with respect to their ToxPi score (x-axis) as compared with
the other chemicals evaluated in the present volume (IARC Monograph 113) and the 181chemicals previously evaluated by IARC. The inset in
the scatter plot shows subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the
top-ranked chemical (in this case, DDT) and the target chemical(s) (DDT and its metabolites) are shown with their respective ToxPi score in
parentheses.
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DDT
Fig. 4.4 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points mapped to
epigenetic alterations

On the left-hand side, the relative rank of DDT, and its metabolites, is shown (y-axis) with respect to their ToxPi score (x-axis) as compared with
the other chemicals evaluated in the present volume (IARC Monograph 113) and the 181 chemicals previously evaluated by IARC. The inset in
the scatter plot shows subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the
top-ranked chemical (in this case, captan) and the target chemical(s) (DDT and its metabolites) are shown with their respective ToxPi score in
parentheses.
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for 8 of the assay end-points tested. In comparison, the highest-ranked chemical, carbaryl
(IARC Group 3; IARC, 1983) was active for 2
out of 5 metalloproteinase assay end-points, 3
out of 7 oxidative stress assay end-points, and 3
out of 6 oxidative-stress marker assay end-points
(Fig. 4.5).
Characteristic (6) Induces chronic inflammation: p,pʹ-DDT was active for 1 of the assay
end-points tested. o,pʹ-DDT was not active in
any of the assay end-points tested. p,pʹ-DDE was
not active in any of the assay end-points tested.
p,pʹ-DDD was active for 1 of the assay end-points
tested. In comparison, the highest-ranked chemical, 4,4′-methylenedianiline (IARC Group 2B;
IARC, 1986) was active for 2 out of 14 cellular
adhesion assay end-points, and 2 out of 29
cytokine assay end-points (Fig. 4.6).
Characteristic (8) Modulates receptor-mediated effects: p,pʹ-DDT was active for 21 of the assay
end-points tested. o,pʹ-DDT was active for 19 of
the assay end-points tested. p,pʹ-DDE was active
for 17 of the assay end-points tested. p,pʹ-DDD
was active for 15 of the assay end-points tested.
In comparison, the highest-ranked chemical,
clomiphene citrate (IARC Group 3; IARC, 1979)
was active for 5 out of 11 AR assay end-points,
13 out of 18 ER assay end-points, 3 out of 7
FXR assay end-points, 6 out of 29 other nuclear-receptor assay end-points, 2 out of 12 PPAR
assay end-points, 5 out of 7 PXR_VDR assay
end-points, and 1 out of 6 RAR assay end-points
(Fig. 4.7).
Characteristic (10) Alters cell proliferation, cell death, or nutrient supply:p,pʹ-DDT
was active for 29 of the assay end-points
tested. o,pʹ-DDT was active for 24 of the assay
end-points tested. p,pʹ-DDE was active for 18
of the assay end-points tested. p,pʹ-DDD was
active for 27 of the assay end-points tested. In
comparison, the highest-ranked chemical, ziram
(IARC Group 3; Monograph volume 53) was
active in 2 out of 16 cell-cycle assay end-points,
33 out of 41 cytotoxicity end-points, and 2 out
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of 7 mitochondrial-toxicity assay end-points
(Fig. 4.8).

4.3.4 Summary of all effects across the “key
characteristics” based on data from
high-throughput screening in vitro
As a high-level summary of activity, data
were recombined into six ToxPi slices, where
each slice represents activity across all component assays mapped to a given characteristic. In
the figure (Fig. 4.9), slices are labelled “metabolism” (Is electrophilic or can undergo metabolic
activation), “epigenetic” (Induces epigenetic
alterations), “stress” (Induces oxidative stress),
“inflammation” (Induces chronic inflammation),
“receptor” (Modulates receptor-mediated effects),
and “cellular” (Alters cell proliferation, cell death,
or nutrient supply). Overall, p,pʹ-DDT was active
for 62 of the assay end-points tested. o,pʹ-DDT
was active for 50 of the assay end-points tested.
p,pʹ-DDE was active for 42 of the assay end-points
tested. p,pʹ-DDD was active for 56 of the assay
end-points tested. In comparison, the highest-ranked chemical, clomiphene citrate (IARC
Group 3; IARC, 1979) was active for 97 assay
end-points.

4.4 Cancer susceptibility data
4.4.1 Inter-individual variability
(a)

Genetic susceptibility

The Working Group identified a single study
in humans on genetic susceptibility to cancer
associated with exposure to DDT or its metabolites. Excessive nucleotide repeats in the AR did
not modify the association between p,pʹ-DDE
and testicular germ cell carcinoma in a case–
control study in a population of men in the USA
(Biggs et al., 2008).

DDT
Fig. 4.5 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points mapped to
oxidative stress markers
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On the left-hand side, the relative rank of DDT, and its metabolites, is shown (y-axis) with respect to their ToxPi score (x-axis) as compared with
the other chemicals evaluated in the present volume (IARC Monograph 113) and the 181 chemicals previously evaluated by IARC. The inset in
the scatter plot shows subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the
top-ranked chemical (in this case, carbaryl) and the target chemical(s) (DDT and its metabolites) are shown with their respective ToxPi score in
parentheses.
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Fig. 4.6 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points mapped to
chronic inflammation
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On the left-hand side, the relative rank of DDT, and its metabolites, is shown (y-axis) with respect to their ToxPi score (x-axis) as compared with
the other chemicals evaluated in the present volume (IARC Monograph 113) and the 181 chemicals previously evaluated by IARC. The inset in
the scatter plot shows subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the
top-ranked chemical (in this case, 4,4’-methylenedianiline) and the target chemical(s) (DDT and its metabolites) are shown with their respective
ToxPi score in parentheses.
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Fig. 4.8 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points mapped to
cytotoxicity and proliferation
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Diethylstilbestrol ( 0.559 )

Fig. 4.9 ToxPi ranking for DDT and its metabolites using ToxCast assay end-points: summary of
key characteristics
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(b)

Immune susceptibility

A case–control study in China, in which serum
levels of both p,pʹ-DDT and p,pʹ-DDE were higher
in cases of HCC than in controls demonstrated
that both hepatitis B virus surface antigen and
aflatoxin B1 interacted with p,pʹ-DDT (P < 0.05
for interaction) in association with greater odds
of HCC (Zhao et al., 2012).
(c)

Hormone receptor status

In a study by Cohn et al. (2007), most cases
of breast cancer were ER- and PR-positive and
HER2-negative. Maternal serum level of o,pʹ-DDT
was positively associated with advanced stage
and HER2 positivity of the breast cancers, which
was independent of p,pʹ-DDE and not affected by
maternal overweight and breast cancer history.
Although only 22 advanced-stage tumours and
16 HER2-positive cancers were available for analyses, the results were statistically significant; for a
doubling of o,pʹ-DDT at a diagnosis of advanced
stage, the odds ratio was 2.2 (95% CI, 1.1–4.2;
P = 0.02) and 2.1 (95% CI, 1.0–4.8; P = 0.05 at
a diagnosis of HER2-positivity). o,pʹ-DDT levels
for women in the fourth quartile of the study
were triple those of women in the first quartile,
and risk of cancer of the breast in these women
was quadrupled (for advanced stage disease: OR,
4.6; 95% CI, 1.3–16.5 for 4th quartile compared
with the 1st quartile; for HER2-positive cancers:
OR, 4.6; 95% CI,1.1–19.7). [These observations
suggested a strong effect on breast cancer stage
and HER2 status at diagnosis of o,pʹ-DDT exposure in utero in these women.]
The possibility that PR+, HER2+, and
triple-negative status modifies the association
between DDT or DDE exposures and cancer was
indirectly suggested by a case–control study on
breast cancer in Canadia, which found a significant trend for the odds ratios associated with
p,pʹ-DDE and ER negative breast cancer status,
but no association with ER-positive breast cancer
status (Woolcott et al., 2001).
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Three case–control studies on p,pʹ-DDT and
p,pʹ-DDE in the USA did not find an association
between these exposures and breast cancer, irrespective of joint ER+ and PR+ status (Wolff et al.,
2000a, b; Zheng et al., 2000).

4.4.2 Life-stage susceptibility
(a)
(i)

Perinatal exposure

Humans
While few in number, all of the studies of
cancer in humans on perinatal exposure to
DDT have reported positive results. A prospective nested case–control study of women in
California, USA, found a positive trend between
serum p,pʹ-DDT level and future risk of breast
cancer (Cohn et al., 2007). A significant interaction was reported between p,pʹ-DDT and age
in 1945, whereby the greatest increased risk of
breast cancer was observed among women who
had serum p,pʹ-DDT in the highest tertile and
were younger than 4 years in 1945 (Cohn et al.,
2007).
Maternal exposure to o,pʹ-DDT assessed in
the perinatal period was also associated with
increased risk of breast cancer among adult
daughters (Cohn et al., 2015; see Section 2 for
further study details).
In a multi-decade prospective study examining the association between prenatal exposure
to DDT compounds detected in maternal sera in
the USA, male offspring had an increased risk
of testicular cancer associated with higher DDT/
DDE ratio and lower o,pʹ-DDT and p,pʹ-DDE
levels in their mothers’ sera (Cohn et al., 2010).
[The Working Group noted that this pattern of
associations was consistent with a slower rate of
p,pʹ-DDT metabolism in association with elevated
testicular cancer risk in offspring.] However, in
a case–control study in Sweden, p,pʹ-DDE level
measured in maternal sera was not associated
with testicular cancer status (Hardell et al.,
2006b).

DDT
(ii)

Experimental systems
Carcinogenesis was enhanced when DDT
exposures occured before tissues were fully
developed (such as cross-generational, prenatal,
preweaning and prepuberty). Mice with prepubertal exposure to p,pʹ-DDE had an early onset
of HER2-positive tumours (Johnson et al., 2012).
In a study in which mice were exposed to technical DDT (p,pʹ-DDT, 73–78%; o,pʹ-DDT, 20%;
m,pʹ-DDT, 1%; p,pʹ-DDE, 0.5% ; and p,pʹ-DDD,
0.5–1.5%) and followed to the F3 generation
(Tomatis et al., 1972), there was an increase in
tumour number (see Section 4.3) that was potentiated as generations increased up to F3 (Terracini
et al., 1973b). There was also an apparent increase
in body mass in F0 females and F1 males and
females [no additional follow-up reported]
(Tomatis et al., 1972). Body mass and abdominal
fat was increased in F3 rats for which F0 females
had been exposed to p,pʹ-DDT while pregnant
(Skinner et al., 2013).
(b)

Menopause

Data regarding an association between DDE
and cancer of the breast among postmenopausal
women are inconsistent. In studies demonstrating a positive association with DDE and
breast cancer and that also looked for DDE interaction with menopausal status, DDE was associated with heightened risk in postmenopausal
women. The positive association between serum
p,pʹ-DDE level and breast cancer was heightened
among postmenopausal women compared with
pre- or perimenopausal women in hospital-based
studies in Belgium and Mexico (Romieu et al.,
2000; Charlier et al., 2004).
In case–control studies of women in Spain,
Poland, and the USA, in whom p,pʹ-DDE level
had no association with cancer of the breast,
menopausal status did not modify the null association (Zheng et al., 2000; Ibarluzea et al., 2004;
Ociepa-Zawal et al., 2010). Similarly, in a 10-year
prospective follow-up of women in Japan, in

whom p,pʹ-DDE level had no association with
breast cancer, menopausal status did not modify
the null association (Iwasaki et al., 2008).

4.5 Other adverse effects
4.5.1 Humans
Prospective studies in Spain and the USA
have indicated that exposure to DDE in utero
and in the early postnatal period is associated
with increased risk of overweight/obesity in
toddlers and adult offspring (Karmaus et al.,
2009; Warner et al., 2014). A more extensive
literature also demonstrates positive associations
between p,pʹ-DDE and p,pʹ-DDT exposure with
diabetes in humans (reviewed in Taylor et al.,
2013). [DDT and metabolites are associated with
type 2 diabetes and obesity in humans.] p,pʹ-DDT
and p,pʹ-DDE showed a strong association with
type 2 diabetes after adjusting for age, sex, BMI,
alcohol consumption, and cigarette smoking
(Son et al., 2010).
Studies of maternal DDT exposure and
adverse birth outcomes (e.g. pre-term birth,
small for gestational age, spontaneous abortion,
birth weight) have reported mixed results. One
large study found a statistically significant trend
for pre-term birth and small-for-gestational-age
babies (Longnecker et al., 2001). Another smaller
study found statistically significant correlations
between lower birth weight and DDE in placenta
or DDT in breast milk (Dewan et al., 2013).
Other, mostly smaller, studies found weak or
non-statistically significant changes in outcomes
such as preterm birth, small-for-gestational-age
birth, birth weight, or gestational age (Gladen
et al., 2003; Farhang et al., 2005; Jusko et al.,
2006; Khanjani & Sim, 2006; Sagiv et al., 2007;
Vafeiadi et al., 2014). One study suggested that
DDT and its metabolite DDE have opposite associations with birth weight (Kezios et al., 2013).
A few studies have examined other developmental or reproductive outcomes. A study
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by Korrick et al. (2001) reported an association
between spontaneous abortion and maternal
serum DDE levels.
Venners et al. (2005) showed a positive associations between the risk of subsequent early
pregnancy loss and the preconception serum
total DDT in 388 newly married, female textile
workers in China between 1996 and 1998
(Venners et al., 2005). One study reported the
rate of birth defects to be associated with occupational exposure to DDT (Salazar-García et al.,
2004).

4.5.2 Experimental systems
Reproductive and developmental toxicity of
DDT in experimental systems has been reviewed
by ATSDR (2002) and Smith (2010). Decreased
foetal body weights were reported in rabbits
given DDT during gestation (Hart et al., 1971;
Fabro et al., 1984). Male reproductive effects
have been reported in several studies in rats
(Kelce et al., 1995; You et al., 1998; Ben Rhouma
et al., 2001). A two-generation study of reproductive toxicity in rats found no reproductive or
developmental effects except for decreased pup
viability at one time-point at the highest dose
and, at the two higher doses, altered hormone
levels and delayed male sexual maturation (Hojo
et al., 2006). In a study of mouse preimplantation
embryos exposed in vitro to DDT, some alterations in development in vitro were observed, but
upon transfer to recipient mice, no measureable
effects on implantation rates, transfer efficiencies, or multiple other pup characteristics were
reported (Greenlee et al., 2005).
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5.

Summary of Data Reported

5.1 Exposure data
From the discovery of its insecticidal properties in 1939 until its production and use began
to be phased out in the early 1970s, 1,1ʹ-(2,2,2trichloro-ethylidene)bis(4-chlorobenzene)
–
DDT – was used extensively for insect control in
public health and agriculture worldwide. It has
been estimated that a total of 1.8 million tonnes
of DDT have been produced globally since the
1940s. Apart from its use as a pesticide, DDT is
also reported to be used in some countries as an
intermediate in the production of the pesticide
dicofol and of antifouling paint. While its use in
agriculture has been largely prohibited, DDT was,
and still is is in some countries, used to control
vectors for malaria and a few other diseases of
public health importance (e.g. leishmaniasis).
Currently, DDT is manufactured in one
country, and its use is officially limited to vector
control in several countries in Africa and Asia..
Accordingly, occupational exposure to DDT can
still occur among workers in manufacturing
and sprayers in vector-control programs, but the
number of people affected is small.The population at large is still exposed to DDT, despite the
fact that it is no longer used in many countries
because of earlier widespread application and
the environmental and biological persistence of
the compound and its metabolites, DDT and its
metabolites have been detected in air, rain, soil,
glaciers, water, animal and plant tissues, food,
and the work environment. In most countries,
exposure of the general population in most countries occurs mainly through the diet. Blood DDT
and DDE levels in the general population have
dropped at least two to three orders of magnitude over time in most parts of the world, but to
a lesser degree where DDT continues to be used.
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5.2 Human carcinogenicity data
The risk of cancer associated with exposure
to DDT has been evaluated in numerous cohort
and case–control studies in several countries.
The largest quantity of data is available for
cancer of the breast and lymphoma. Cancers of
the liver, testis, prostate, endometrium, pancreas,
lung, and colon have also been studied. Exposure
has been assessed in these studies by biological
measurement of markers of exposure to DDT,
mostly p,p-DDE and p,pʹ-DDT, as well as with
questionnaires, sometimes in combination with
expert assessment. An important consideration
in studies using biological markers is whether
the samples were obtained before or after disease
onset, when disease progression or treatment
may affect the concentration of the marker.

5.2.1 Cancer of the liver
The association of liver cancer with DDT
exposure was assessed in three large studies in
Linxian, Haimen, and Xiamen, China. Nested
case–control studies in Linxian and Haimen
reported a strong association with a significant
trend between hepatocellular carcinoma and
concentrations of p,pʹ-DDT, but not p,pʹ-DDE, in
blood samples collected before diagnosis. These
studies are consistently positive for p,pʹ-DDT,
and inconsistent for p,p-DDE; the observed
associations for DDT are strong, with dose–
response relationships, and the odds ratios were
adjusted for important risk factors for hepatocellular carcinoma, including markers for hepatitis
(HBV sAg). The population-based case–control
study in Xiamen, which had higher exposure to
DDT than the study in Linxian, also reported a
strong association with p,pʹ-DDT concentration,
with a significant dose–response trend in blood
samples taken after diagnosis, as well as a weaker
association with p,pʹ-DDE. Risk estimates were
adjusted for hepatitis and aflatoxin exposure.
However, it was unclear how the controls in

the Xiamen study were selected. In contrast, no
increased risk of cancer of the liver was observed
in a cohort of men occupationally exposed to
DDT during an antimalarial spraying campaign
in Sardinia, Italy.

5.2.2 Cancer of the testis
Six studies have assessed the association
between DDT or DDE measurements in blood
samples and cancer of the testis. A statistically significant positive association between
p,pʹ-DDE and testicular cancer was seen in a
large nested case–control study using blood
samples taken before diagnosis among United
States servicemen. Positive but non -significant
associations were found in a smaller nested case–
control study in Norway using blood samples
taken before diagnosis. These two studies
provide the strongest evidence for an association
between exposure to DDT and testicular cancer.
Positive non-significant associations were found
in two small case–control small studies using
post-diagnostic blood samples, while no association was detected in a large population-based
case–control study using post-diagnostic blood
samples. Results were inconsistent in two small
studies (one also evaluating levels among cases,
mentioned above) that examined DDT and/or
DDE levels in mothers of the cases of testicular
cancer.

5.2.3 Cancer of the breast
More than 40 epidemiological studies
conducted in North America, Latin America,
Asia, and Europe since 1993 have assessed the
relationship between exposure to DDT and risk
of cancer of the breast . Almost all studies used
p,pʹ-DDE measurements in blood or adipose
tissue as an exposure indicator, and some reported
results for p,pʹ-DDT. Biological measurements
of exposure were made at diagnosis or several
years before. No association overall was found
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between p,pʹ-DDE or p,pʹ-DDT levels and breast
cancer. Stratification by hormone-receptor status
of the breast tumour, or menopausal status, did
not modify the results. Several meta-analyses
on p,pʹ-DDE exposure was that the available
studies supported the view that DDE is not associated with an increased risk of breast cancer in
humans. However, the potential influence of age
at exposure to DDT in relation to risk of breast
cancer remains of interest, as suggested by two
studies that reported an increased risk of breast
cancer in women highly exposed to DDT early
in life.

5.2.4 Non-Hodgkin lymphoma
More than 30 studies have evaluated risk
of lympho-haematopoietic malignancies in
relation to DDT exposure using biomarkers or
questionnaires, in a few instances supported
by expert assessment of agricultural exposures.
The large Agricultural Health Study in the USA
observed significant upward trends in risk of
non-Hodgkin lymphoma in relation to several
indicators of DDT use while controlling for other
suspected risk factors. However, a retrospective
cohort mortality study of applicators involved
in an antimalarial campaign in Sardinia, Italy,
with almost exclusive use of DDT, did not identify any association between DDT exposure and
lymphoma. Evidence from case–control studies
based on self-reported or expert assessments
from questionnaire was inconsistent, with no
association in several large studies and positive
associations in some smaller studies. Evidence
was also inconsistent in studies using measurements in biological specimens as biomarkers of
exposure to DDT. In studies that adjusted for
exposure to other pesticides or persistent organochorines, the associations with DDT were
typically weakened. Conflicting results on the
association of DDT with the overall group of
lymphomas might be related to heterogeneity of
association by subtype, but studies of leukaemia
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and lymphoma subtypes were based on relatively
small numbers.

5.2.5 Cancer of the prostate
Several studies have examined the association
between exposure to DDT and cancer of the prostate. Positive associations with DDT were found
in two population-based case–control studies,
in which exposure was assessed by experts or
by a job–exposure matrix from the job history.
In the United States Agricultural Health Study,
there was no clear relationship between lifetime
cumulative exposure to DDT and the incidence
of total or aggressive cancer of the prostate. The
largest study using p,pʹ-DDE measurements,
conducted in the French Caribbean, reported
a modest but statistically-significant increased
risk of prostate cancer associated with p,pʹ-DDE
serum concentration measured in blood sampled
after diagnosis. Conversely, no significant association with p,pʹ-DDE was observed in four
other studies that used serum measurements of
p,pʹ-DDE, including a large nested case–control
study in Japan.

5.2.6 Other cancer sites
Exposure to DDT or DDE and risk of cancer
has also been examined at other cancer sites,
including the pancreas, endometrium, colon,
and lung. There was no evidence for an association between these cancers and exposure to DDT.

5.3 Animal carcinogenicity data
In mice, 12 out of 13 studies of carcinogenicity
with DDT (11 oral administration studies by
feeding or gavage, and one subcutaneous injection study) in males and/or females gave positive
results (some for multiple sites). One skin application study gave negative results.
In treated mice, DDT consistently increased
the incidence of benign and/or malignant
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tumours of the liver that were classified across
the various studies as benign or malignant liver
cell tumours, hepatomas (not further classified),
benign or malignant hepatomas, or hepatocellular adenoma or carcinoma.
In nine of these positive studies (including
the subcutaneous injection study), there was an
increase in the incidence of liver cell tumours
(benign, malignant, or combined benign or
malignant): six studies were positive for males
and females, two studies for males only, and one
study for females only; in one of these studies
there was also an increase in the incidence of
hepatoblastoma.
In three of these positive studies, there was an
increase in the incidence of malignant lymphoma:
one study was positive for males and females,
one for males, and one for females. In another of
these positive studies, there was an increase in the
incidences of malignant lymphoma, leukaemia
and pulmonary carcinoma in males and females
(combined).
In rats, six of nine carcinogenicity studies
by oral administration (feeding) in males and/
or females were positive. In four studies, there
was an increase in the incidence of liver cell
tumours (benign, malignant, or combined
benign or malignant): three studies were positive for males and four for females; in one of
these studies, there was also an increase in the
incidence of ovary carcinoma. The incidences
of thyroid follicular cell adenoma or carcinoma
(combined) and of adrenal gland pheochromocytoma were also increased in females in the fifth
positive study. In the sixth positive study, there
was a small but significant increase in the incidence of bronchogenic carcinoma in males and
females (combined). In several initiation-promotion studies, DDT promoted benign and/or
malignant liver tumours.
In hamsters, two out of three carcinogenicity
studies by oral administration (feeding) were
positive: there was an increase in the incidence

of adrenal cortex adenoma in males in one study
and in females in another study.
In one study in monkeys, one prostatic adenocarcinoma and one HCC were reported in two
cynomolgus monkeys out of 24 DDT-exposed
cynomolgus or rhesus monkeys. No tumours
were observed in 17 untreated cynomolgus or
rhesus monkeys.
The DDT metabolite DDD was carcinogenic in one of two mouse oral administration
(feeding) studies. In this study, DDD caused an
increase in the incidence of hepatoma (benign
or malignant, combined) in males, and of lung
adenoma or adenocarcinoma (combined) in
males and females. In one feeding study in
rats, DDD caused an increase in the incidence
of thyroid follicular cell adenoma or carcinoma
(combined) in males.
The DDT metabolite DDE was carcinogenic
in mice with an increase in the incidence of
hepatocellular tumours (benign and malignant)
in two oral administration (feeding) studies in
males and females, but not in one study in male
and female rats. One feeding study in hamsters
showed an increase in the incidence of hepatocellular adenoma or carcinoma (combined) in
males and females.

5.4 Mechanistic and other relevant
data
p,pʹ-DDT and o,pʹ-DDT are highly lipophilic
and readily absorbed via all routes of exposure.
Both DDT isomers are distributed widely in the
body by both lymphatic and blood circulation,
with a preference for adipose and other lipidrich tissues. p,pʹ-DDT and o,pʹ-DDT are metabolized to p,pʹ-DDD and o,pʹ-DDD, respectively,
which readily degrade to p,pʹ-DDA and o,pʹ-DDA
excreted in urine. p,pʹ-DDT is also metabolized
to DDE, which is poorly eliminated and more
lipophilic than the parent compound. Human
half-lives of p,pʹ-DDT and DDE are long, on
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the order of 5 (for p,pʹ-DDT) to 10 (for DDE)
years, whereas o,pʹ-DDT is rapidly metabolized
and excreted. p,pʹ-DDT has been reported to
induce several P450 enzymes in rats and several
PXR-mediated P450s in a human hepatoma cell
line. Metabolism in humans and experimental
systems are expected to be similar.
With respect to the key characteristics of
human carcinogens, adequate data were available to evaluate whether DDT modulates receptor-mediated effects, is immunosuppressive,
induces oxidative stress, alters cell proliferation,
cell death or nutrient supply, is genotoxic, and
induces chronic inflammation.
The evidence is strong that DDT modulates
receptor-mediated effects that can operate in
humans. DDT and its metabolites can modulate thyroid hormones in exposed humans.
While evidence is less clear for effects on the sex
steroid hormone axis in men and women, estrogenic effects of o,pʹ-DDT and p,pʹ-DDT, such as
binding and activation of ER, were consistently
seen across numerous experimental systems,
including human cells, and were blocked by
anti-estrogens in human breast cancer cells and
in mice. Evidence that DDT and its metabolites
antagonize the AR, with p,pʹ-DDE being the
most potent, was consistent across non-human
experimental systems in vivo and in cells from a
variety of species including humans. DDT and its
metabolites can bind and activate progesterone
in cells from multiple species including humans.
DDT induced PR expression in ER-positive
breast cancer cells. It also activated PR in such
cells and in a yeast system, and blocked transactivation of PR by progesterone. Some studies also
report activation of CAR or PXR by DDT. Some
studies suggest a relationship between o,pʹ-DDT
or p,pʹ-DDE and breast or mammary cancer that
involves HER2.
The evidence is strong that DDT is immunosuppressive, and this can operate in humans.
In studies in exposed humans, immunological changes are reported to be correlated with
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p,pʹ-DDT or p,pʹ-DDE levels, though subjects in
these studies were also exposed to other contaminants that may be correlated with p,pʹ-DDT or
p,pʹ-DDE levels. Additionally, human natural
killer cell suppression has been observed in
multiple in vitro studies of p,pʹ-DDT, indicative
of its potential to decrease immunosurveillance.
In mice exposed in vivo to p,pʹ-DDT or o,pʹ-DDT,
suppression of B-cell function indicating effects
on humoral immune response have been reported,
with potentiation via stress that is consistent
with data showing modulation of glucocorticoids. Suppression of humoral immune response
by p,pʹ-DDT, o,pʹ-DDT, or p,pʹ-DDE has also been
reported in rats, rabbits, and marine mammals
in vivo, as well as mice and rats in vitro.
The evidence is strong that DDT induces
oxidative stress, and this can occur in humans.
p,pʹ-DDT, p,pʹ-DDD, and/or p,pʹ-DDE activated
the Wnt/β-catenin pathway via ROS and stimulated proliferation of human colorectal and liver
cancer cells in vitro and in xenografted mice.
p,pʹ-DDT, p,pʹ-DDD, and/or p,pʹ-DDE increased
ROS levels in human peripheral blood mononuclear cells. Several of these effects were inhibited
by anti-oxidant treatment. In liver of exposed rats,
p,pʹ-DDT increased lipid peroxidation and levels
of 8-hydroxy-2ʹ-deoxyguanosine (8-OHdG).
The evidence is moderate that DDT alters
cell proliferation or cell death. There is evidence,
primarily for o,pʹ-DDT, of ER-dependent induction of cell proliferation in particular cell types
in vitro. In some cell types in vitro, o,pʹ-DDT
induces apoptosis although in others, a suppression of this end-point has been noted.
The evidence for genotoxicity of DDT is
moderate. There is some evidence of DNA
damage, chromosome aberrations, and micronuclei in human cells exposed to DDT in vitro.
Experimental mammalian in vivo and in vitro
data are mixed, for some of these same end-points.
Data in non-mammalian experimental systems
are predominantly negative.

DDT
The evidence that DDT induces inflammation is moderate. While the number of studies is
small, there are data in human and mammalian
cells in vitro that p,pʹ-DDT, o,pʹ-DDT, p,pʹ-DDD,
or p,pʹ-DDE can induce a pro-inflammatory state.
However, there are no data in exposed humans
and very few data in experimental systems in
vivo.
In high throughput testing in the Tox21 and
ToxCast research programs of the United States
government, p,p′-DDT, o,pʹ-DDT, p,pʹ-DDE, and
p,pʹ-DDD were positive in between 42 and 62
high throughput assay end-points, mostly related
to receptor-mediated effects or cell proliferation/
cell death/nutrient supply, among the 265 assay
end-points relevant to the key characteristics of
human carcinogens.
There is some evidence pertaining to cancer
susceptibility factors related to infectious agents
and perinatal exposures.
Overall, the mechanistic data provide strong
support for the carcinogenicity findings of DDT.
This includes strong evidence that DDT modulates receptor-mediated effects, is immunosuppressive, and induces oxidative stress, and that
these effects can operate in humans.

6.

Evaluation

6.1 Cancer in humans
There is limited evidence in humans for the
carcinogenicity of DDT. Positive associations
have been observed between DDT and cancers of
the liver and testis, and non-Hodgkin lymphoma.

6.2 Cancer in experimental animals
There is sufficient evidence in experimental
animals for the carcinogenicity of DDT.
There is sufficient evidence in experimental
animals for the carcinogenicity of DDE.

There is sufficient evidence in experimental
animals for the carcinogenicity of DDD.

6.3 Overall evaluation
DDT is probably carcinogenic to humans
(Group 2A).

6.4 Rationale
In addition to limited evidence for the
carcinogenicity of DDT in humans and sufficient evidence for the carcinogenicity of DDT
in experimental animals, there is strong mechanistic evidence for DDT that three key characteristics of known human carcinogens can operate
in humans: receptor-mediated effects, immunosuppression, and oxidative stress.
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LINDANE
1.

Exposure Data

1.1 Identification of the agent
The carcinogenicity of halogenated aromatic
hydrocarbon pesticides such as lindane has been
evaluated previously in Volume 5, and again in
Supplement 7 and Volumes 20 and 53 (IARC,
1974, 1979b, 1987, 1991). New data on lindane
have since become available, and have been
incorporated into the present monograph and
taken into consideration in the evaluation.

1.1.1 Nomenclature
Chem. Abstr. Serv. Reg. No.: 58-89-9
Chem. Abstr. Serv. Name:
lα,2α,3β,4α,5α,6β-Hexachlorocyclohexane
Preferred IUPAC Name:
1,2,3,4,5,6-Hexachlorocyclohexane
Synonyms: γ-Benzene hexachloride; γ-hexachlorocyclohexane; lindane
[The Working Group noted that the terms
“γ-BHC” and “γ-lindane” have been used
historically, but are incorrect.]
Trade Names: Lindane has been used in
formulations for many commercial products.
The trade names listed here are presented
as examples and are not intended to represent an exhaustive list, or to focus on any
particular manufacturer or user: Aalindan;
Agrocide; Aparasin; Aphtiria; Ben-Hex;

Bexol; Celanex; Chlorosene; Gammalin;
Gamene Gammexane; Gexane; Hexide:
Hortex; Lindator; Lindex; Nexit; Pflanzol;
Quellada.
Additional trade names are available in the
PubChem Compound Database (PubChem
Compound Identifier 727; NCBI, 2015).

1.1.2 Structural and molecular formulae, and
relative molecular mass
Cl

Cl

Cl

Cl
Cl

Cl

From RSC (2015)
Molecular
formula:
ClCH(CHCl)4CHCl

C6H6Cl6

or

Isomers differ in the spatial positions of
the chlorine atoms; dashed and solid bridges
represent positions below and above the plane,
respectively (RSC, 2015)
Relative molecular mass: 290.81
Additional chemical structure information is
available in the PubChem Compound Database
(NCBI, 2015) and the Merck Index Online (RSC,
2015).
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1.1.3 Chemical and physical properties of the
pure substance
Description: White crystalline powder (IPCS/
ILO, 2009)
Solubility: Volatile in air and poorly soluble
in water (g/100 mL at 20 °C, 0.0007) (IPCS,
ILO-ICSC 0053). Soluble in ethyl alcohol
and ethyl ether, benzene, chloroform (NCBI,
2015)
Octanol/water partition coefficient: log Pow,
3.61–3.72 (IPCS, ILO/ICSC 0053; IPCS/ILO,
2009)
Conversion factor in air (at 25 °C): 1
ppm = 11.89 mg/m3, assuming normal
temperature (25 °C) and pressure (101 kPa)
(EPA, 2015a).

1.2 Production and use
Hexachlorocyclohexane (HCH) was first
synthesized by Michael Faraday in 1825. After
the discovery in 1912 of the δ- and γ-isomers by
Teunis Van der Linden, the name “lindane” was
given to the γ-isomer.
Many HCH isomers exist, but only six
isomers are relatively stable, including α-, β-, γ-,
δ-, and ε-isomers. Only γ-HCH has insecticidal
properties (Brooks, 1977). Both technical-grade
lindane that contains more than 90% γ-HCH
(IRPTC, 1983) and technical-grade HCH that
contains approximately 60–70% α-HCH, 5–12%
β-HCH, 10–40% γ-HCH, 6–10% δ-HCH, and
3–4% ε-HCH (Kutz et al., 1991), have been used
worldwide for the insecticidal properties of the
γ-isomer. The International Organization for
Standardization (ISO) common name and the
WHO specification use “lindane” to refer to
material containing > 99% γ-HCH.
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Table 1.1 Production of lindane
Production

Tonnes per year

World production, 1986
World production, 1988–1993b
World production, 1990–1995
Production in western Europe, 1990s
Production in the European Economic
Community, 1991c
a

Approx. 38 000
4 400
3 222
Approx. 2 055
1 000–5 000

International Uniform Chemical Information Database (UCLID,
1994)
b Detzel et al. (1998)
c Rippen (1990/2000)
From UNECE (2004); data from Hazard Substances Committee
(OSPAR Commission, 2002)
a

1.2.1 Production
Technical-grade HCH is produced as a
mixture of isomers by photochlorination of
benzene, a reaction that can be started by
free-radical initiators such as visible or ultraviolet light, X-rays, or γ-rays (ATSDR, 2005). The
active γ-HCH (lindane) can be concentrated by
treatment with methanol or acetic acid, followed
by fractional crystallization, to produce technical-grade lindane containing 99.9% of the
γ-isomer.
Historical sites for the production of technical-grade HCH and/or lindane can be
found in many countries in Europe, including
Bulgaria, Czechia, France, Germany, Italy,
Poland, Romania, Spain, Turkey, and the United
Kingdom. Production in countries that are
members of the United Nations Economic
Commission for Europe (UNECE) took mainly
place from 1950 or earlier until 1970, and stopped
from 1970 onward. Only rough estimates on
years of production and on produced volumes
were available to the Working Group (Table 1.1;
UNECE, 2004).
Commercial production of lindane in the
United States of America (USA) began in 1945
and peaked in the 1950s, when 17.6 million
pounds [7983 tonnes] was manufactured (IARC,
1974). In 1978, the United States Environmental

Lindane
Protection Agency (EPA) banned production of
technical HCH (UNECE, 2004).
Lindane is produced by 13 manufacturers
worldwide, including 7 in India and 4 in China
(SRI, 2009), and is available from 42 suppliers,
including 19 suppliers in the USA (ChemSources,
2009).

1.2.2 Use
Lindane was extensively used in the past few
decades. In 1992, global use of technical-grade
HCH was estimated at 0.55 million tonnes, while
global use of lindane was estimated at 0.72 million
tonnes (Volder & Li, 1995). Technical-grade HCH
and lindane were primarily used as insecticides
to treat wood and wooden structures, seed, and
livestock. Major uses today are as insecticide for
fruit and vegetable crops, and in baits and seed
treatments for rodent control. Lindane is still
used as a human health pharmaceutical as a
second-line treatment for control of head lice and
scabies (mites) ; it is available in 1% preparations
as a lotion, cream, or shampoo (ATSDR, 2005;
HSDB, 2009; UNEP/WHO, 2015).

1.3 Measurement and analysis
Methods for the analysis of lindane and
other organochlorine pesticides have been developed during the past few decades. Historically,
lindane and other HCH isomers have been
analysed using gas chromatography and electron
capture detection (Prapamontol & Stevenson,
1991; López et al., 2001). In most of the methods
currently available, lindane is part of multiple
component analytical methods for the measurement of organochlorines and other pesticides in ambient air (Borrás et al., 2011), dust
(Regueiro et al., 2007), water (McManus et al.,
2013; Regueiro et al., 2008), sediments (ConchaGraña et al., 2010), crops (Walorczyk et al., 2013),
human serum (López et al., 2001; Moreno Frías
et al., 2001), and urine (Cazorla-Reyes et al.,

2011). The analysis of lindane and other HCH
isomers involves extraction, clean-up, and gas
chromatography or gas chromatography-mass
spectrometry-based instrumental analysis
(representative analytical methods for lindane
in various matrices are listed in Table 1.2).
Extraction methods for organochlorine
compounds including lindane vary widely
according to the matrix of interest and the
sampling method. For example, water samples
can be extracted on a rotating disk sorptive
extraction technique (Giordano et al., 2011).
For air samples collected with a polyurethane
foam sampler, various sorbents have been used
for solid-phase extraction (Martínez Vidal et al.,
1997). Gaseous and particulate phases of lindane
in the atmosphere can be extracted on XAD-2
and XAD-4 cartridges and glass fibre filters,
respectively (Borrás et al., 2011). In vegetables,
fruits, and other plant samples, lindane can
be extracted by matrix solid-phase dispersion
(Abhilash et al., 2007). Lindane in human serum
samples can be extracted with organic solvents,
clean-up of the organic extract using acid treatment with sulfuric acid, and elution of the
cleaned-up extract by liquid column chromatography (Moreno Frías et al., 2001).
A concern with gas chromatography and
electron-capture detection methods is the potential for interference from non-target chemicals,
leading to misidentification or incorrect quantitation. More recently, gas chromatography-mass
spectrometry methods are being used, which
include single quadruple mass-spectrometry
detectors running in electron ionization mode
with target analyses monitored by selective ion
monitoring and gas chromatography coupled
with high-resolution mass spectrometry (Barr
et al., 2003). These detection methods increase
confidence in confirmative analysis by decreasing
matrix interferences, improving selectivity.
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Table 1.2 Representative methods for the analysis of lindane
Sample matrix

Assay procedure

Ambient air
- Gas phase
- Particulate
Indoor dust
Water

GC-MS

Sediments
Crops
Human serum

GC-µECD
GC-MS
GC-MS
GC-MS
GC-QqQ-MS/MS
GC-ECD

Urine

GC-ECD
GC-IT-MS/MS

Limit of detection
25.79 pg/m3
0.052 pg/m3
0.22 ng/g
15 ng/L (LOQ)
21 ng/L
6.10 ng/g
10 ng/g
3 ng/mL
10 ng/mL (β-HCH)
0.006 ng/mL
0.136 ng/mL

Reference
Borrás et al. (2011)
Regueiro et al. (2007)
McManus et al. (2013)
Regueiro et al. (2008)
Concha-Graña et al. (2010)
Walorczyk et al. (2013)
López et al. (2001)
Moreno Frías et al. (2001)
Cazorla-Reyes et al. (2011)

ECD, electron-capture detection; GC, gas chromatography; HCH, hexachlorocyclohexane; IT-MS/MS, ion trap mass spectrometry; LOQ, limit
of quantitation; MS, mass spectrometry; QqQ-MS/MS, tandem quadrupole mass spectrometry

1.4 Occurrence and exposure
See Table 1.3, Table 1.4, and Table 1.5
Exposure to lindane is predominantly an
exposure to the γ-HCH isomer, which has a
very short half-life. Pure and technical forms of
lindane exist, with almost pure lindane being
γ-HCH, while technical-grade HCH consists
of 10–40% γ-HCH plus various other isomers,
including β-HCH.
In the present monograph, the terms given
to lindane and its isomers are reported as specified by the authors of the referenced paper (e.g.
authors may refer to “total HCH” when reporting
the summed concentrations of various HCH
isomers, or simply to “HCH”).

1.4.1 Occupational exposure
Occupational exposure can occur during
the manufacture and formulation of lindane,
as well as in the treatment of wood and wooden
structures, seed grains and in the agricultural
application of lindane as a pesticide on livestock
and crops (ATSDR, 2005). Exposure in occupational settings is principally through inhalation
or dermal contact, although ingestion of lindane
due to poor hygiene practices can occur. Hygiene
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measurement of lindane in air and hand wipes,
together with biological measurement of lindane
in serum and hair in workers from a range of
occupations in the USA, Europe, and Asia have
been reported (Table 1.3).
Studies of occupational exposure during
the manufacture and formulation of lindane
have reported detectable serum concentrations
of γ-HCH and β-HCH (Baumann et al., 1980;
Kashyap, 1986; Nigam et al., 1986). Baumann et
al. reported mean concentrations of γ-HCH and
β-HCH of 0.037 mg/L and 0.190 mg/L respectively
among workers producing lindane in Germany
(Baumann et al., 1980). Mean concentrations of
γ-HCH and β-HCH in exposed workers involved
in pesticide formulation in India were 0.06 mg/L
and 0.413 mg/L respectively (Kashyap, 1986).
The mean concentration of lindane in workers
directly involved in handling the product in a
manufacturing plant in India was 0.057 ppm
(Nigam et al., 1986). Farmers in Nigeria were
reported to have mean serum concentrations of
lindane of 0.08 mg/kg (Sosan et al., 2008).
In commercial seed-conditioning plants in
Montana, USA, in 1981–82, lindane levels in
hand-wash samples and respiratory pads were

Table 1.3 Occupational exposure to lindane: environmental and biological measurements
Industry
Location, year

Job/process

Sampling
matrix

Exposure

Lindane
production
Country and year,
NR
Seed conditioning
Montana, USA,
1981–1982

NR

Serum

0.37 mg/L (arithmetic 0.005–0.19 mg/L
mean, γ-HCH)

NR

Handshake
sample;
respiratory
pads

NR

NR

Pesticide
manufacture
Country and year,
NR
Pesticide
manufacture and
formulation
Country and year,
NR

Insecticide handlers

Serum

0.06 ppm (arithmetic
mean, γ-HCH)

0.01–0.17 ppm

Employees involved in
pesticide manufacture
of organophosphates,
HCH/BHC

Serum

Arithmetic mean
(γ-HCH):
Formulators:
0.06 mg/L;
manufacturers:
0.02 mg/L; controls:
0.001 mg/L

Range (γ-HCH):
Formulators:
0.01–0.17 mg/L;
manufacturers:
0.0–0.04 mg/L;
controls: 0.0–0.01 mg/L

Plasma

NR

NR

Serum

Arithmetic mean
(mg/L):
Sprayers:
γ-HCH: 0.03;
β-HCH: 0.22; total
HCH: 0.29;
Controls:
γ-HCH: 0.02;
β-ΗCH: 0.11; total
HCH: 0.15

Sprayers (mg/L)
γ-HCH: 0.00–0.09;
β-HCH: 0.02–0.95;
total-HCH: 0.04–1.04
Controls (mg/L)
γ-HCH: 0.00–0.71;
β-HCH: 0.01–0.69; total
HCH: 0.03–0.74

Forestry workers
Country NR, 1986
Agricultural
spraymen and
controls
Allahabad, India,
year NR

NR

Mean

Comments

References

α-HCH: mean, 0.07; range,
0.01–0.27 mg/L
β-HCH: mean, 0.19; range,
0.02–0.76 mg/L
Dermal exposure: site 9:
81.42 mg/hour; site 10:
54.80 mg/hour
Respiratory exposure: site
9: 0.36 mg/hour; site 10:
0.54 mg/hour
α-HCH: mean, 0.10; range,
0.02–0.18 ppm
β-HCH: mean, 0.41; range,
0.16–0.72 ppm
Formulators mean; range (mg/L)
α-HCH: mean, 0.10; range,
0.02–0.18 mg/L; β-HCH; mean,
0.41; range, 0.16–0.72 mg/L;
Total HCH: mean, 0.60; range,
0.19–1.15 mg/L
Biological levels also reported
for manufacturing staff, and
controls for other isomers and
total HCH
Workers monitored for 20
weeks. Detected group mean
of γ-HCH (nmol/L): 0 (April–
June); 40 (mid July); 16 (August)
125 exposed sprayers and 47
controls

Baumann
et al. (1980)

Range

Grey et al.
(1983)

Nigam et al.
(1986)
Kashyap
(1986)

Drummond
et al. (1988)
Joshi et al.
(1996)

Lindane
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Industry
Location, year

Job/process

Sampling
matrix

Exposure

Greenhouses,
florists, veterinary
departments
Paris and suburbs,
France, 2002

Air

Greenhouse
workers, animal
breeders, open
cultivation
workers
Messara and Sitia
districts, Crete,
Greece, year NR
Farmers
Osun and Ondo
states of southwestern Nigeria,
year NR

Hair

14.32 ng/m
(arithmetic mean,
lindane)
22.76 ng/hand
(arithmetic mean,
lindane)
70.2 pg/mg (median,
lindane)

0.08 mg/kg
(arithmetic mean,
lindane)

Hand wipes

Cacao farmers; pesticide
application

HCH, hexachlorocyclohexane; NR, not reported

Serum

Mean

Comments

References

0.2–75 ng/m3

Mean and range calculated from
10 measurements of indoor air

Bouvier et al.
(2006)

0–156.7 ng/hand

Mean and range calculated from
15 measurements

48.2–95.0 pg/mg

Maximum level was 174.7 pg/mg Tsatsakis
et al. (2008)

NR

44 out of 76 farmers had lindane
residue measurable in serum
samples

Range
3

Sosan et al.
(2008)
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Table 1.3 (continued)

Lindane
measured as 81.42 or 54.80 mg/hour and 0.36 or
0.54 mg/hour, respectively (Grey et al., 1983).
In France in 2002, mean lindane levels in
indoor-air and hand-wipe samples from greenhouse workers, florists and veterinary-department workers were calculated as 14.32 ng/m3
and 22.76 ng/hand, respectively (Bouvier et al.,
2006). Hair samples from greenhouse workers
and farmers in Greece contained lindane at
concentrations in the range of 48.2–95.0 pg/mg
(Tsatsakis et al., 2008).
Biological levels of lindane have been shown
to decrease with reduced occupational exposure.
Plasma concentrations of lindane in forestry
workers monitored for 20 weeks starting in April
1986 rose from a group mean of zero to 40 nmol/L
after 8 weeks, and dropped to 16 nmol/L after 16
weeks (Drummond et al., 1988). The difference
in mean serum concentrations between non-exposed and exposed Indian agricultural sprayers
was 0.01 mg/L for γ-HCH and 0.12 mg/L for
β-HCH (Joshi et al., 1996).

1.4.2 Environmental occurrence
See Table 1.4
Lindane does not occur naturally in the
environment. Occurrence may be due to pesticide application processes, release from manufacturing sites or landfills, or to precipitation.
Biodegradation is the dominant degradative
process for γ-HCH in aquatic systems and soil
(ATSDR, 2005).
(a)

Air

Historically, air contamination with lindane
would have resulted from pesticide application
and release from production plants (ATSDR,
2005). Weekly air samples in 1972, 1973, and 1974
taken in Stoneville, Mississippi, USA, contained
a maximum lindane concentration of 9.3 ng/m3
(Arthur et al., 1976). Around 1990, background
levels of lindane in the range of 0.01–0.7 ng/m3
were found in “unpolluted” remote areas, whereas

levels in urban and agricultural areas range from
0.1 to 2 ng/m3 (WHO, 2004). Air monitoring in
Ontario, Canada, between 1988 and 1989 showed
annual mean levels of β-HCH and γ-HCH of 1.8
and 60 pg/m3, respectively (Hoff et al., 1992a).
Measurement of background levels of persistent organic pollutants at 71 sites in Europe in
2006 reported mean concentrations of γ-HCH
and β-HCH of 35 and 2 pg/m3, respectively. The
presence of γ-HCH was attributed to either technical-grade HCH or lindane (Halse et al., 2011).
Passive air sampling in 22 European countries in
2002 reported γ-HCH at concentrations in the
range of 1.1–65 pg/m3 with thehighest concentrations recorded in southern and eastern Europe,
in particular, Spain, parts of France, Italy, and
the Balkans region (Jaward et al., 2004).
Average annual concentrations in air for
γ-HCH, β-HCH, α-HCH, and δ-HCH were
reported between 1999 and 2001 in Niigata,
Japan, as 32, 23, 92, and 3 × 10–3 ng/m3, respectively (Murayama et al., 2003). A review of various
studies on persistent organic pollutants in South
China reported mean HCH concentrations of
666 × 10–3 ng/m3 in 2003–2004, decreasing to a
mean of 75 × 10–3 ng/m3 in 2006–2007 (Zhang
et al., 2013). In Shanghai, China, in 2008–2009,
the mean concentration of HCH in air samples
was measured as 6.93 × 10−3 ng/m3 (Yu et al.,
2012).
The Global Atmospheric Passive Sampling
(GAPS) study report that between 2005 and 2008,
distinct spatial and temporal patterns show that
pesticides such as γ-HCH tend to be more prevalent in developing countries, especially in Asia.
Samples taken over Delhi, India, had the highest
levels of γ-HCH. In Europe, the levels of γ-HCH
are not uniformly distributed, with samples from
Paris having the highest levels. Levels of γ-HCH
are not very high in North America and South
Ameria, which may reflect decreased usage
(Fig. 1.1; Shunthirasingham et al., 2010).
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Region, country, city
Year

Sampling
matrix

Exposure
Mean

Range

USA
Mississippi, 1972–74

Air (weekly
sampling)

NR

NR

Canada
Ontario, 1988–1989

Air

Annual mean:
γ-HCH, 60 pg/m3
Arithmetic mean:
γ-HCH, 0.47 pg/m3

γ-HCH, 4.0–820 pg/m3

Japan
Nigata,
1999–2001

Air

Annual mean (pg/m3): γ-HCH,
32

Annual ranges reported for five
sampling points

Europe
2006

Air

Average (pg/m3):
γ-HCH, 35
Total HCH, 64

SD:
γ-HCH, 38
Total HCH, 59

China
South China, [review
paper]
Germany
1970–71

Air

Mean range, HCH: 75−666
pg/m3

NR

Water

238.14 ng/L (unfiltered water)

0–7100 ng/L (unfiltered water)

Israel
1973

Water

NR

γ-HCH, ND–14.9 ng/L

USA
Georgetown, South
Carolina, Year, NR

Water

1.19 ppt

ND–2.21 ppt

Comments

Reference

Maximum level:
lindane, 9.3 ng/m3
β-HCH, 49.4 ng/m3
Annual mean (pg/m3):
α-HCH, 145
β-HCH, 1.8
Arithmetic mean (pg/m3):
α-HCH, 1.0
β-HCH, 0.34
Range (pg/m3):
α-HCH, 10–540
β-HCH, MDC–28
All POPs decreased 41–80%
during 2000 to 2001 except
α-HCH and γ-HCH
Annual mean (pg/m3):
α-HCH, 92
β-HCH, 23
δ-HCH, 3
Average (pg/m3):
α-HCH, 26
β-HCH, 2
SD:
α-HCH, 24
β-HCH, 7
Mean HCH levels from various
studies, 2004–2007

Arthur et al.
(1976)

25 sites sampled in May 1971;
7 sites sampled monthly from
April 1970 to June 1971
Range: α-HCH, ND–4.1 ng/L

Hoff et al.
(1992a)

Murayama et al.
(2003)

Halse et al.
(2011)

Zhang et al.
(2013)
Herzel (1972)
Lahav &
Kahanovitch
(1974)
Achari et al.
(1975)
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Table 1.4 Environmental exposure to lindane

Table 1.4 (continued)
Region, country, city
Year

Sampling
matrix

Exposure
Mean

Range

USA
New Orleans, 1970
Egypt
Nile Delta, 1995–1997
Islamic Republic of
Iran
Karun River,
Khuzestan, August
2008–March 2009

Water

NR

Lindane, 1.3–2.9 ng/L

Water

NR

Lindane, 0.286–0.352 μg/L

Water

Arithmetic mean (μg/L):
γ-HCH, 1.58
Total HCH, 4.93

Range (μg/L):
γ-HCH, 0.22–4.25
Total HCH, 0.73–11.12

China
South China, [review
paper]
Turkey
Konya Basin, 2012

Water

Mean range:
1.43–285 pg/m3

NR

Surface water

NR

March (μg/L):
γ-HCH, 0.005–0.010
Total HCH, 0.015–0.065
August (μg/L):
γ-HCH, ND–0.005
Total HCH, ND–0.025

3.3 ng/L (arithmetic mean)

0.33–11.9 ng/L

NR

NR

Pakistan
Water
River Chenab, Punjab,
January–March 2013
Jordan
Soil
Humrat Al-Sahn, 1998

Comments

Reference

Estimated from graph

Brodtmann
(1976)
Abbassy et al.
(1999)
Behfar et al.
(2013)

Arithmetic mean (μg/L):
α-HCH, 0.08
β-HCH, 1.81
δ-HCH, 1.45
Range (μg/L):
α-HCH, 0.01–0.23
β-HCH, 0.08–6.07
δ-HCH, 0.29–3.26
Mean HCH levels in water for
various studies in 1999–2009
March (μg/L):
α-HCH, 0.005–0.010
β-HCH, 0.005–0.020
δ-HCH, ND–0.015
August (μg/L):
α-HCH, ND–0.005
β-HCH, ND–0.005
δ-HCH, ND–0.025

Zhang et al.
(2013)
Aydin et al.
(2013)

Mahmood et al.
(2014)
Arithmetic mean, α-HCH
(ppm): Ghor: 0.14; Wadi UmRishrash: 0.02; Wadi Al-Dafali:
0.02
Mean was of five replicates

Al-Mughrabi &
Qrunfleh (2002)

Lindane
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Region, country, city
Year

Sampling
matrix

Exposure

Comments

Mean

Range

China
Soil
Hong Kong Special
Administrative Region
Year, NR

Arithmetic mean (µg/kg):
Organic farm, 3.65
Agricultural, 10.50
Abandoned agricultural, 6.01
E-waste storage, 9.71
Container storage, 3.76
Metal recycling workshop, 1.39
Constructions waste, 3.81
Petrol station, 7.94
Open burning site, 2.89
E-waste dismantling
workshop, 9.88
E-waste open burning site: 1.14
Car dismantling, 26.80

SD (µg/kg):
Organic farm, 2.75
Agricultural, 36.90
Abandoned agricultural, 5.42
E-waste storage, 2.00
Container storage, 1.76
Metal recycling workshop, 0.89
Constructions waste, 2.39
Petrol station, 8.71
Open burning site, 3.43
E-waste dismantling workshop,
28.40
E-waste open burning site, 0.11
Car dismantling, 31.40

USA
1986–1991

Food

Arithmetic mean (µg/kg bw
per day):
Age, 6–11 months:
γ-HCH, 0.0008;
Age, 60–65 yrs:
γ-HCH, 0.0006

NR

China
Beijing and Shenyang,
1970–2007

Food

Arithmetic mean, HCH (µg/kg
bw per day):
Age, 41–65 yrs: Beijing: 1970:
549;
1992: 26.8;
2005/2007: 1.66

Age 41–65 years:
1.66–549 µg/kg bw per day

Reference
Man et al. (2011)

Mean levels for β-HCH;
γ-HCH and α-HCH reported
for age groups from 6–11
months to 60–65 yrs by sex
Age, 6–11 months: β-HCH,
< 0.0001
Age, 60–65 yrs: β-HCH,
< 0.0001
Mean levels were reported for
Beijing and Shenyang by time
period and for five age groups

Gunderson
(1995)

Yu et al. (2013)
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Table 1.4 (continued)

Table 1.4 (continued)
Region, country, city
Year

Sampling
matrix

Exposure

Comments

Reference

Mean

Range

Sweden
2005

Food

Singapore
City and year, NR

Αmbient
indoor air

Arithmetic mean, total HCH
(ng/day):
2005, 70.5
1999, 81.0
Arithmetic mean (ng/g dust):
γ-HCH, 2.9
Total HCH, 11

NR

Levels reported for each of the
five food groups in the article

Törnkvist et al.
(2011)

Range (ng/g dust):
γ-HCH, < LOD–74
Total HCH, < LOD–240

α-HCH levels were highly
correlated with γ-HCH
Arithmetic mean (ng/g dust):
α-HCH, 0.7
β-HCH, 2.2
δ-HCH, 5.5
Range (ng/g dust):
α-HCH, < LOD–8.7
β-HCH, < LOD–57
δ-HCH, < LOD–170

Tan et al. (2007)

HCH, hexachlorocyclohexane; LOD, limit of detection; MDC, minimum detectable concentration; ND, not detected; NR, not reported; POPs, persistent organic pollutants

Lindane
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Fig. 1.1 Air concentrations of organochlorine pesticides (left) and current use pesticides (right)
worldwide

Reproduced from Shunthirasingham et al. (2010). Spatial and temporal pattern of pesticides in the global atmosphere. J Environ Monit.
12(9):1650–7, with permission of The Royal Society of Chemistry
HCB, hexachlorobenzene; HCH, hexachlorocyclohexane; PAS, passive air sampler
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Lindane
(b)

Water

Lindane enters water from use in agriculture
and forestry, from precipitation and, to a lesser
extent, from occasional contamination of wastewater from manufacturing plants (WHO, 2004).
Early studies in the USA reported lindane
levels in water. In Georgetown County, South
Carolina, a mean lindane concentration of 1.19
ppt was reported in ground water (Achari et al.,
1975). In 1970, potable water in Mississippi, USA,
contained lindane at levels ranging between 1.3
and 2.9 ng/L (Brodtmann, 1976). In 1982, γ-HCH
was detected in urban stormwater samples from
Denver, Colorado, and Washington, DC, at
0.0027–0.1 μg/L and 0.052–0.1 μg/L in 20% and
11%, respectively, of the 86 samples collected
(Cole et al., 1984; ATSDR, 2005). In the USA,
α-, β-, γ-, and δ-HCH have been detected in
surface water at 34, 18, 33, and 12, respectively,
of the 1662 current or former National Priority
Lists sites of the United States Environmental
Protection Agency (EPA) (ATSDR, 2005). In
the USA in 2001, γ-HCH was detectable in 1.6%
and 4.4% of the samples from 83 sites in agricultural areas and from 30 urban sites, respectively
(USGS, 2006).
Detectable γ-HCH levels in water have also
been reported in the Middle East. In Israel, Lahav
& Kahanovitch (1974) reported that γ-HCH
levels ranged from non-detectable to 14.9 ng/L
in well-water samples collected between 1972
and 1973. Lindane levels in water from the
Nile Delta ranged from 0.286 to 0.352 µg/L
between 1995 and 1997 (Abbassy et al., 1999).
Surface water sampled in 2012 from the Konya
Basin in Turkey contained total HCH at levels
ranging from non-detectable to 0.065 µg/L, and
γ-HCH at levels ranging from non-detectable to
0.010 µg/L (Aydin et al., 2013). Water samples
taken monthly between 2009 and 2011 from
the Karun river in Khuzestan Province, in the
Islamic Republic of Iran, contained total HCH

and γ-HCH at mean concentrations of 4.93 µg/L
and 1.59 µg/L, respectively (Behfar et al., 2013).
In India, a review of historical and recent
data indicated that surface water concentrations
decreased three- to fourfold after the banning of
production of technical HCH in 1997 (Sharma
et al., 2014). In neighbouring Pakistan, the mean
concentration of total HCH was 3.31 ng/L for
water collected from the Chenab river between
January and March 2013 (Mahmood et al., 2014).
In southern China, mean HCH levels in surface
water decreased from 285 to 1.43 ng/L between
1999 and 2009 (Zhang et al., 2013).
(c)

Soil and dust

Lindane can be released into the soil from
direct pesticide application, formulation
processing, or release from hazardous landfill sites (ATSDR, 2005). In soil, lindane can be
degraded under aerobic conditions; the half-life
ranges from 88 to 1146 days. In the USA α-, β-,
γ-, and δ-HCH have been detected in soil at 63,
78, 90, and 58, respectively, of the 1662 current
or former National Priority List sites of the EPA
(ATSDR, 2005).
Soil sampled in 1998 from Humrat Al-Sahn in
Jordan contained α-HCH at mean levels ranging
from 0.02 to 0.14 ppm (Al-Mughrabi & Qrunfleh,
2002). In Hong Kong Special Administrative
Region, China, mean HCH levels ranged from
1.14 to 26.8 μg/kg in samples of soil from twelve
different types of land use (Man et al., 2011).
Elsewhere in China, mean levels of HCH in soil
reported between 1999 and 2005 ranged from
3.65 to 5.92 ng/g dry weight (Zhang et al., 2013).
The presence of γ-HCH in household dust
may contribute to human exposure; in a study
in a household in the USA where γ-HCH in dust
was measured at 5.85 ppb, a pesticide formulator
and his wife had elevated serum concentrations
of γ-HCH (ATSDR, 2005). In Singapore, indoor
ambient dust samples from 31 homes contained
γ-HCH and β-HCH at mean levels of 2.9 ng/g
and 2.23 ng/g, respectively (Tan et al., 2007).
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1.4.3 Exposure in the general population
(a)

Diet

See Table 1.4
Isomers of HCH are found in dairy products,
meat, fish, poultry, garden fruits, oils and fats,
leafy and root vegetables, and sugar.
In adult diets in the USA in 1981–1982,
γ-HCH was reported to be 8 ng/kg body weight
(bw) (ATSDR, 1989). Data on the daily dietary
intake of γ-HCH and β-HCH between 1986 and
1991 obtained through the Total Diet Study of
the Food and Drug Administration (FDA) in
the USA indicated very low levels. Mean intake
of γ-HCH ranged from 0.8 to 0.6 ng/kg bw per
day for the age groups 6–11 months and 60–65
years, respectively. Mean β-HCH levels were
less than 0.1 ng/kg bw per day in all age groups
(Gunderson, 1995).
A market basket survey in Sweden reported a
dietary estimate of total HCH of 70.5 ng/day in
2005, a slight decrease from 81.0 ng/day in 1999
(Törnkvist et al., 2011).
Temporal trends suggest that dietary intake
of HCH appears to be decreasing in China,
where dietary intake of HCH has been reported
from the 1970s until 2005/2007 across five age
groups. The mean levels have shown a decrease
for example in those aged 41–65 years in Beijing,
from 549 μg/kg per day in the 1970s to 1.66 μg/kg
per day in 2005/2007 (Yu et al., 2013).
(b)

Biological measurements

See Table 1.5
Biological measurements of lindane in serum,
human milk, adipose tissue, placental cord blood,
and hair have been reported. In countries such as
the USA, the percentage of samples with levels
in the low detectable range has been increasing.
Globally, the World Health Organization (WHO)
has reported low mean levels of γ-HCH in breast
milk samples from certain regions in Europe
(WHO, 2015; Fig. 1.2).
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(i)

Europe
The detection of γ-HCH in samples from
Europe has been decreasing since the 1970s.
The median serum β-HCH concentration for
a population of women participating in the
Copenhagen City Heart Study, Denmark,
decreased from 119.0 to 60.0 ng/g lipid between
1976–1978 and 1981–1983 (Høyer et al., 2000). In
Norway, mean serum concentrations of β-HCH
measured in women progressively decreased
from 81.3 to 19.3 ng/g lipid from 1973–1975
to 1985–1990 (Fig. 1.3; Ward et al., 2000). The
German Environmental Health Survey of environmental pollutants in blood quantified γ-HCH
and β-HCH in 5.2% and 34% of blood samples
in 1998 (Becker et al., 2002). In south-western
Germany, the concentration of γ-HCH in whole
blood samples from children was 0.07 μg/L in
1996/1997, while mean levels of β-HCH were 0.2,
0.07, and 0.04 μg/L in 1996/1997, 1998/1999, and
2000/2001 respectively. Reporting of γ-HCH and
β-HCH was stopped in 1998/199 and 2000/2001,
respectively, because levels were predominantly
below the limit of detection (Link et al., 2005).
In southern Spain, mean lindane concentrations
in serum among women and young male volunteers were 1.53 ng/mL and 1.84 ng/mL, respectively (Botella et al., 2004; Carreño et al., 2007).
Mean β-HCH concentrations were reported as
167.4 ng/g lipid (range, 155.8–179.9 ng/g lipid)
from the European Prospective Investigation
into Cancer and Nutrition (EPIC) Spanish cohort
between 1992 and 1996 (Jakszyn et al., 2009). In
the French National Nutrition and Health Study
2006−2007, γ-HCH was below detectable levels
in serum, while the mean serum concentration
of β-HCH was 27.0 ng/g lipid (Saoudi et al., 2014).
In Germany, two studies have shown a steady
decrease in median β-HCH levels in human milk
samples. Between 1986 and 1996, median β-HCH
levels decreased from 0.19 to 0.03 mg/kg, while
between 1999 and 2006 median β-HCH levels
decreased by 0.04 to 0.012 mg/kg (Schade &

Table 1.5 Biological measurements of exposure to lindane (and other HCH isomers) in humans
Sampling
matrix

Mean

Range

USA
Wisconsin, Ohio and
Michigan, 1993
Mexico
Mexico City, March
1994 and April 1996
USA
Maryland, 1975–1994

Serum

γ-HCH, ND
β-HCH, 0.04–1.2 ppb

New Zealand
1996–1997

Serum

India
Ahmedabad, year NR

Serum

Spain, southern, year
NR
Spain
1992–1996

Serum

Gran Canaria Island,
Spain
1999–2001

Serum

Slovakia,
eastern, 2002–2004

Serum

Benin
Borgou, 2011
USA
1999–2000

Serum

Arithmetic mean:
γ-HCH, ND
β-HCH, 0.05 ppb
Median β-HCH:
Cases, 104.16 ng/g
Controls, 92.98 ng/g
Median β-HCH:
Cases (NHL), 139 ng/g of
lipid
Controls, 138 ng/g of lipid
Arithmetic mean:
γ-HCH: NR
β-HCH: 19.7 μg/kg lipid
weight
Arithmetic mean (μg/L)
γ-HCH: 1.69; α-HCH: 4.49;
β-HCH: 35.06;
Arithmetic mean, lindane:
1.84 μg/L
Geometric mean, β-HCH
(ng/g lipid)
167
Arithmetic mean, lindane
(ng/g lipid): breast cancer
women: 53.2; healthy women:
24.7
Arithmetic mean (ng/mL)
Maternal: β-HCH: 0.012;
γ-HCH: 0.02; Infant
cord blood: β-HCH:0.03;
γ-HCH:0.01
Arithmetic mean β-HCH
(ng/g): 10.0
Arithmetic mean, γ-HCH
(ng/g lipid): 0.06

Serum
Serum

Serum

Serum

Cases, 53.29–418.54 ng/g
Controls, 53.29–270.77 ng/g

Comments/
additional data

Reference
Anderson et al. (1998)

95 cases of breast cancer
and 95 controls

Cases, 71.1–286.5 ng/g lipid
Controls, 56.9–219.3 ng/g lipid

López-Carrillo et al.
(2002)
Cantor et al. (2003)

γ-HCH: < 5–91.1 μg/kg lipid
weight
β-HCH: < 7–73.1

The mean value for γ-HCH
was not calculated

Bates et al. (2004)

γ-HCH: 0.72–3.09 μg/L;
α-HCH: 1.0–9.16; β-HCH:
20.11–82.09
SD: 2.27 μg/L

Median: γ-HCH: 1.54;
α-HCH: 3.62; β-HCH:
30.25
Median: 1.47 μg/L;
maximum: 17.72 μg/L

Bhatnagar et al.
(2004)
Carreño et al. (2007)

155.8–179.9 ng/g lipid

Jakszyn et al. (2009)

Breast cancer: 0.0–111.4;
healthy: 0.0–220.0 ng/g lipid

Boada et al. (2012)

SD (ng/mL)
Maternal: β-HCH: 10.5;
γ-HCH: 1.87; Infant cord blood:
β-HCH: 10.4; γ-HCH: 4.67

The concentrations for
most samples were higher
than the detection limit
except for γ-HCH

SD (ng/g): 20.4
< LOD–0.07 ng/g lipids

In subsequent studies of
NHANES the levels of
γ-HCH were undetectable

Patayová et al. (2013)

Azandjeme et al.
(2014)
CDC (2009)
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Region, country, city
Year

Region, country, city
Year

Sampling
matrix

Mean

Range

France
NR, 2006–2007

Serum

China
Four cities (Beijing,
Lanzhou, Taiyun,
Xiamne), June–August
2010

Maternal and
infant serum

Geometric mean (ng/g lipid):
γ-HCH: ND; α-HCH: 0.66;
β-HCH: 30.4;
Geometric mean β-HCH
(ng/g lipid):
Maternal, 67.67
Infant, 33.39

P50–P95: α-HCH: 0.74–1.77;
β-HCH: 27.0–193.6; γ-HCH:
< LOD–3.6 ng/g of lipid
β-HCH (ng/g lipid):
Maternal: < LOD–348.03
Infant; < LOD–261.29

China
Beijing, June 2006‑July
2007

Placental and
cord sera

Placenta: α-HCH: 031–1.57;
β-HCH: 6.71–193; γ-HCH:
ND–15.8; δ-HCH: ND–7.93;
Umbilical cord blood: β–HCH:
9.12–336.0 ng/g fat

Spain
Granada and Almeria
Provinces, year NR

Serum and
adipose tissue

Arithmetic mean (ng/g fat):
Placenta: α-HCH, 0.85;
β-HCH, 71.8; γ-HCH, 5.75;
δ-HCH, 2.07;
Umbilical cord blood:
β-HCH, 97.0
Arithmetic mean, lindane
serum: 1.56 (ng/mL)
adipose tissue: 17.44 (ng/g
lipid)

South Africa
year NR

Plasma

β-HCH: 1.6–44.3; γ-HCH:
150–896 ng/g lipid

South Africa
KwaZulu-Natal, year
NR

Plasma

Geometric mean range (ng/g
lipid): β-HCH: 2.4–10.6;
γ-HCH: 1.4–1081
Geometric mean, γ-HCH
(ng/g lipid): 956

Germany
Baden-Wuerttemberg,
1996–2001

Whole blood

Arithmetic mean (µg/L):
1996/1997: β-HCH: 0.2;
γ-HCH: 0.07; 1998/1999:
β-HCH: 0.07; 2000/2001:
β-HCH: 0.04

1996/1997:
β-HCH: < 0.02–4.75; γ-HCH:
< 0.02–1.38;
1998/1999:
β-HCH: 0.02–0.51;
2000/2001: β-HCH: < 0.02–0.62
μg/L

SD: serum, 17.84 ng/mL;
adipose tissue, 2.26 ng/g lipid

13–164 ng/g lipid

Comments/
additional data

Reference
Saoudi et al. (2014)

Maternal: range, α-HCH:
Guo et al. (2014)
< LOD–8.83; γ-HCH,
< LOD–4.24
Levels in infants cord blood
and for other isomers were
not measurable
α-HCH, γ-HCH, and
Yu et al. (2013)
δ-HCH were not detectable
in umbilical cord blood
samples
Maximum levels reported
for serum and adipose
tissue were 12.77 ng/
mL and 113.31 ng/g lipid
respectively

Botella et al. (2004)

Röllin et al. (2009)
Mean, median, range
values reported for three
sites for γ-HCH; α -HCH,
β-HCH
Concentrations of γ-HCH
were predominantly less
than the detection limit of
0.02 µg/L and stopped in
1998/1999
Concentrations of β-HCH
dropped to the detection
limit in 2000/2001

Channa et al. (2012)

Link et al. (2005)
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Table 1.5 (continued)
Sampling
matrix

Mean

Range

Comments/
additional data

Reference

Germany
1998

Whole blood

Arithmetic mean (µg/L)
α-HCH: < 0.1; β-HCH: 0.16;
γ-HCH: < 0.1

P50–Max: α-HCH: < 0.1–0.4;
β-HCH: < 0.1–7.8; γ-HCH:
< 0.1–4.7 μg/L

The percentage of β-HCH
concentrations above the
limit of quantification (0.1
µg/L) increased with age
from 8.6% to 72%

Becker et al. (2002)

China
year, NR

Placenta

Median (ng/g lipid):
Cases: α-HCH: 1.5, β-HCH:
39, γ-HCH: 1.6, total HCH:
44;
Controls: α-HCH: 0.96,
β-HCH: 33, γ-HCH 0.99,
total HCH: 36

USA
Connecticut, year NR

Breast adipose
tissue

USA
Connecticut, 1994–1997

Breast adipose
tissue

Median, β-HCH:
Cases: 27.1 ppm; controls:
25.2 ppm
Geometric mean, β-HCH:
Cases: 27.1 ppm; controls:
26.3 ppm

Cases (ng/g lipid): α-HCH:
0.99–2.2, β-HCH: 13–65,
γ-HCH: 0.7–2.7, total HCH:
18–71;
Controls (ng/g lipid): α-HCH:
0.57–1.4, β-HCH: 22–52,
γ-HCH: 0.55–1.7, total HCH:
24–56
Cases: 16.1–41.6 ppm; controls:
16.3–41.2 ppm

Germany
Schleswig-Holstein,
1986–1997
Tunisia
2003–2005
Germany
Lower Saxony, January
1999‑December 2006

Breast milk

Japan
Kyushu Island, May
2007‑March 2008
Islamic Republic of Iran
November 2007‑January
2008
Tunisia
Bizerte, 2010

Breast milk

NR

Median, β-HCH:
1986: 0.19 mg/kg;
1997: 0.03 mg/kg
Arithmetic mean, γ-HCH: 31
ng/g lipid
Arithmetic mean (mg/kg
lipid):
γ-HCH: 0.001
β-HCH: 0.02
Median lindane: 28.3 ng/g
lipid

NR

Hair

Arithmetic mean, HCH: 14
ng/g

ND–67 ng/g

Breast milk

Arithmetic mean, lindane:
36.5 ng/g lipid wt

ND–125.7 ng/g lipid wt

Breast milk
Breast milk

Ren et al. (2011)

Age-adjusted geometric
Zheng et al. (1999)
mean: cases, 27.1; controls,
26.3
Median:
Zheng et al. (1999)
Cases: 27.1 (16.1–41.6) ppm;
controls, 25.2 (16.3–41.2)
ppm
NR
Schade & Heinzow
(1998)

SD (ng/g lipid): 17.5; range (ng/g
lipid): ND–125.7
SD (mg/kg lipid):
Median β-HCH levels
γ-HCH: 0.003
decreased 47.1% from 1999
β-HCH: 0.05
to 2006

Ennaceur et al. (2008)

4.5–253 ng/g lipid

Miyake et al. (2011)
α-HCH, β-HCH, γ-HCH
levels reported for three
different sites
Median, 27.2 ng/g lipid wt

Zietz et al. (2008)

Dahmardeh Behrooz
et al. (2012)
Ben Hassine et al.
(2012)

Lindane
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Region, country, city
Year

Region, country, city
Year

Sampling
matrix

Mean

Range

Comments/
additional data

Reference

Turkey
Ankara, year NR

Breast milk

Yalçin et al. (2014)

Serum

γ-HCH: < LOD−42.3 ng/g
lipid wt; α-HCH: < LOD–88.7;
β-HCH: < LOD–427.6
NR

SD: γ-HCH, 9.0; α-HCH,
16.7; β-HCH, 96.7

Denmark
Copenhagen, 1976–1983

Arithmetic mean (ng/g lipid
wt): γ-HCH: 3.1; α-HCH: 7.3;
β-HCH: 76.2
Median, β-HCH (ng/g lipid):
1976–1978: 119.0;
1981–1983: 60.0

Høyer et al. (2000)

Norway
1973–1990

Serum

Arithmetic mean, β-HCH
(ng/g lipid)
Cases, 63.4; controls: 60.0

NR

Guinea-Bissau
1990–2007

Serum

NR

γ-HCH: 240–< LOD; β-HCH:
320–< LOD ng/g fat

In 353 women,
concentrations of β-HCH
decreased between
1976–1978 and 1981–1983;
in 61 women the β-HCH
concentration increased for
this period
300 study subjects
recruited, but 144 samples
had > 90 pesticide
compounds above the LOD
and were used for analysis
Samples were divided into
five age groups and β-HCH;
γ-HCH concentrations
were reported for each
group per time period

HCH, hexachlorocyclohexane; LOD, limit of detection; NR, not reported

Ward et al. (2000)

Linderholm et al.
(2010)
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Lindane
Fig. 1.2 Concentrations of γ-HCH in human milk, by region
3

ng/g lipid milk

2.5
2
1.5
1
0.5
0

Eastern Europe Western Europe Northern Europe Southern Europe

Western Asia

Central Asia

Global Regions
Arithmetic mean concentrations (ng/g lipid) of γ-HCH in human milk in the following regions: eastern Europe: Bulgaria, Czech Republic,
Hungary, Republic of Moldova, Russian Federation, Slovakia, Ukraine; western Europe: Belgium, Germany, Luxembourg, Switzerland; northern
Europe: Ireland, Lithuania, Norway, Sweden; southern Europe: Italy, Spain; western Asia: Cyprus, Georgia, Israel; central Asia: Tajikistan
HCH, hexachlorocyclohexane
Compiled by the Working Group with data from WHO (2015)

Heinzow, 1998; Zietz et al., 2008). In breast milk
samples from 75 mothers in Ankara, Turkey [year
not reported], α-HCH, β-HCH, and γ-HCH were
reported at mean concentrations of 7.3, 76.2, and
3.1 ng/g lipid weight, respectively (Yalçin et al.,
2014).
In Slovakia, between 2002 and 2004, mean
levels of β-HCH and γ-HCH in maternal serum
and cord-blood samples from infants were 0.12,
0.03, and 0.02, 0.01, respectively. In most samples,
γ-HCH was below the limit of detection (LOD)
(Patayová et al., 2013).
(ii)

The Americas
In Mexico City, Mexico, between March 1994
and April 1996, serum levels of β-HCH levels
ranged from 53.3 to 418.5 ng/g (López-Carrillo
et al., 2002). In the USA, levels of γ-HCH in the
general population have decreased since the

1970s. In a cohort started in 1974 in Maryland,
USA, the levels of serum β-HCH among participants in the CLUE I study ranged from 56.9 ng/g
lipid in controls to 286.5 ng/g lipid in cases
(Cantor et al., 2003). In 1993, a study of the
profiles of the Great Lakes critical pollutants
reported non-detectable levels of γ-HCH and a
median level of 0.05 ppb (range, 0.04–1.2 ppb) for
β-HCH in serum from a convenience sample of
32 participants (Anderson et al., 1998). Between
1994 and 1996 in Long Island, New York, the
mean concentrations of β-HCH in adipose tissue
and serum were reported as 22.21 ng/g lipid and
0.824 ng/mL, respectively (Stellman et al., 1998).
Between 1999 and 2000, the mean β-HCH serum
level reported from the NHANES study in the
USA was 0.058 ng/g, while γ-HCH was below
detection limits from 1999 onwards (CDC, 2009).
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Temporal
trends in organochlorine
levels
measured
in serumin serum
Fig. 1.3 Temporal
trends in organochlorine
levels (as reflected
in β-HCH
concentrations)
samples from Norwegian women,
1973–1990
samples of Norwegian women 1973-1990
90

β-HCH levels (ng/g lipid)

80
70

80.1
81.3

71.4

60
50
40
30
20

19.3

10
0

1973-1975

1976

1977-1982

HCH, hexachlorocyclohexane
Compiled by the Working Group with data from Ward et al. (2000)

(iii)

Asia and Oceania
Studies in Asia and Oceania have reported
levels of lindane, γ-HCH, and β-HCH in samples
of serum, human milk, and placental cord blood
and tissue.
A mean serum γ-HCH level of 1.69 μg/L
was reported among volunteers in Ahmedabad,
India, in 2004 (Bhatnagar et al., 2004). Between
December 1996 and January 1997, serum analysis from the National Nutrition Survey in New
Zealand reported a weighted mean concentration of 19.7 μg/kg lipid weight basis for β-HCH
in adults (Bates et al., 2004).
Levels of β-HCH in human milk in a population in Japan studied between 2007 and 2008
ranged from 18.3 ng/g to 45.3 ng/g (Miyake et al.,
2011).
In samples of placental tissue in China,
lindane levels ranged from 18 to 56 ng/g (Ren
et al., 2011). In Beijing between June and July
2006, analysis of placental samples showed mean
levels of α-HCH, β-HCH, and γ-HCH of 0.85,
71.8, and 5.75 ng/g fat, while in cord blood there
286

1985-1990

Year

was a mean β-HCH level of 97.0 ng/g fat and all
other isomers were undetectable (Yu et al., 2013).
Studies in four Chinese cities in 2010 reported
levels of γ-HCH in most samples as below detectable limits in maternal blood and none in the
cord blood samples while mean β-HCH levels in
maternal and cord blood samples were 67.7 ng/g
lipid and 33.4 ng/g lipid, respectively (Guo et al.,
2014).
(iv)

Africa and the Middle East
In various sites in South Africa, mean levels
of γ-HCH in plasma ranged from 150 to 896 ng/g
lipid (Röllin et al., 2009). In 2011 in northeastern Benin, the mean serum level of β-HCH
was reported as 10.0 ng/g total serum lipids
(Azandjeme et al., 2014). In KwaZulu-Natal,
South Africa, in 2008 the mean plasma level of
γ-HCH was 956 ng/g (Channa et al., 2012).
In Guinea-Bissau, a cohort study conducted
in 1990–2007 among men in the general population, with sampling at five different periods,
showed a distinct decrease in concentrations
of γ-HCH (240 ng/g fat to < LOD) and β-HCH

Lindane
Fig. 1.4 Concentrations of γ-HCH and β-HCH in three pooled serum samples from Guinea-Bissau,
sampled on five occasions between 1990 and 2007

The median and range of age corresponds to the first sampling occasion
HCH, hexachlorocyclohexane
Reprinted from Environment International, Volume 36, issue 7, Linderholm et al. (2010). Human exposure to persistent organic pollutants in
West Africa — A temporal trend study from Guinea-Bissau, Pages No. 675–682, Copyright (2010), with permission from Elsevier

(320 ng/g fat to < LOD). There was a clear decrease
between the first sampling period (1990–1991)
and the second sampling period (1993–1995)
(Fig. 1.4; Linderholm et al., 2010).
In breast milk samples from Tunisia, the mean
concentration of γ-HCH was reported as 31 ng/g
lipid in samples from 237 women between 2003
and 2005 (Ennaceur et al., 2008), while a mean
lindane level of 36.5 ng/g lipid was reported in a
study in 2010 (Ben Hassine et al., 2012).
In the Islamic Republic of Iran between
November 2007 and January 2008, hair samples
from women contained γ-HCH at a mean

concentration of 14 ng/g (Dahmardeh Behrooz
et al., 2012).

1.4.4 Exposure assessment in epidemiological
studies on lindane
Eight epidemiological studies were evaluated as providing evidence for carcinogenicity
of lindane to humans. These studies can be
categorized as studies of occupational exposure involving farmers and/or commercial
applicators, and studies based upon the general
population with exposure assessed using questionnaires or biological assessments. Among
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these studies, three were based on β-HCH as a
marker for exposure to lindane, three on lindane
exposure, and two were based on exposure to a
commercial product that consisted of technical
HCH or γ-HCH, depending on the time period.
We here provide an assessment of the strengths
and weaknesses of the exposure assessment and
assignment methods used in these studies.
(a)

Occupational exposure

One study of occupational exposure involved
lindane specifically (Alavanja et al., 2014a), while
the other two assessed exposure to a combination of technical HCH and γ-HCH over time
(Rafnsson, 2006a, b).
The Agricultural Health Study (AHS) examined exposure to lindane among farmers and
commercial applicators based on retrospective
reporting of ever use and duration and frequency
of use of 50 pesticides, including lindane. The
exposure assessment methodology of the AHS is
described in more detail in the Monograph on
DDT in the present volume.
[The Working Group noted that the AHS has
collected detailed information on pesticide use
and practices and validation studies have shown
this data to be appropriate for estimating historical exposure to pesticides. However, the validity
studies are based on information reported at the
time of the exposure surveys and would not necessarily reflect the recall of information reported
for all aspects, in particular frequency and duration of use. The assessment of lindane exposure is
based on the baseline questionnaire (1993–1997)
and relies on recollection. The validity of such
recall is unknown, but is not necessarily better
or worse than that concerning other pesticides.]
In the other two studies of occupational
exposure, exposure to technical-grade HCH and
γ-HCH in sheep farmers in Iceland was estimated
using records from the Icelandic Veterinary
Services, in which the time of the sheep dipping
using the pesticide, and the number of sheep
owned by the farmer were recorded. The farmer
288

was responsible for mixing the dip, dipping the
sheep, and scrubbing the inside of the sheep
shed. No advice was given to farmers on the use
of personal protective equipment. The number of
dipped sheep was used as a proxy of exposure.
There was no assessment of additional sources
of exposure in this study population (Rafnsson,
2006a, b). The authors indicated that parts of some
records were incomplete for certain communities, and that farmers having small numbers of
sheep may not have dipped the sheep themselves.
[The Working Group noted that due to the
incompleteness of records, the fact that not all
farmers were personally involved in dipping
could result in exposure misclassification. The
main assumption in the exposure assessment
of lindane in this study was that the number of
sheep dipped is directly related to lindane exposure. In the sheep-dipping process as described
in other locations, three events involving exposure can be distinguished: mixing, dipping, and
cleaning. Dipping consists of bodily grasping the
sheep and plunging the animal in the dip. In an
exposure study on organophosphate exposure
during sheep dipping in the United Kingdom,
Buchanan et al. (2001) identified contact with
the pesticide concentrate that occurs during
mixing as the most important exposure determinant. Furthermore, people involved in plunging
the sheep were more highly exposed than those
responsible for throwing or guiding the sheep into
the dip. Such exposure to the concentrate is not
directly related to the number of sheep, but more
directly related to the number of dipping events.
The papers did not indicate whether farmers
had help in the dipping tasks or performed the
dipping themselves. Consequently, the assumption that only the farmer was involved might be
questioned.
The two papers under consideration indicated
that dipping infested sheep required a longer
time (3 minutes) than dipping non-infested
sheep (1 minute), but the number of infested
versus non-infested sheep per individual farmer

Lindane
was not recorded. Reliance upon the number of
sheep dipped as an indicator of exposure assumes
an average similar infestation rate of sheep for
all farmers and over calendar time. An additional complication is that technical-grade HCH
was used for dipping between 1962 and 1970,
and was substituted by lindane between 1970
and 1980. Taking these issues together, there is
uncertainty regarding the level of lindane exposure, potentially leading to substantial exposure
misclassification. Considering that the median
of the exposure categories based on the number
of sheep owned varied only by a factor of ~8, this
could have resulted in substantial misclassification across the exposure categories.]
(b)

General population

Among five studies assessing exposure
among the general population, two were based
on lindane and three were based on β-HCH.

actually related and a simple equivalence cannot
be assumed. In fact, apart from lindane, exposure
to β-HCH can occur through the diet, through
contact with other environment media, and
through other products containing β-HCH (i.e.
technical-grade HCH). Accordingly, the extent
to which the β-HCH is indicative of lindane
will depend on the specific exposure scenario
and calendar time the biological sample was
collected.]

1.5 Regulation
Most readily available information concerning
the regulation of lindane was concerned with
action to limit or eliminate usage of this pesticide in various jurisdictions (Weinhold, 2001).
Current regulatory controls concerning lindane
and other pesticides are briefly listed below.

(i)

1.5.1 International treaties and agreements

(ii)

A summary of earlier international treaties
and like measures concerning lindane has been
prepared by the Commission for Environmental
Cooperation (CEC, 2006), an authority based on
collaboration between the countries of North
America.
Lindane is listed in Annex III of the Rotterdam
Convention on the Prior Informed Consent
Procedure for Certain Hazardous Chemicals
and Pesticides in International Trade, adopted
in February 2004 and legally-binding for Parties.
Among the Parties to the Convention, 34 countries have banned all import of lindane, and 38
have restricted or severely restricted the conditions under which it may be imported (Rotterdam
Convention, 2004).
Lindane is further regulated under the
Stockholm Convention on Persistent Organic
Pollutants (for further information about the
Stockholm Convention, see Section 1.5 of the
Monograph on DDT in this volume). As of
December 2014, the Stockholm Convention

Questionnaire-based approaches
In a study by Blair et al. in the midwest USA,
three different questionnaires were used, and
these varied in terms of information collected on
pesticide use (Blair et al., 1998). [The Working
Group noted that studies based on self-reporting
are prone to failures of recall and resulting
exposure misclassification. Due to the absence
of separate evaluations of recall and exposure
assignment, the validity of the exposure determination used in this study is not known.]
Biomonitoring approaches
All of the biomonitoring studies relied upon
measurement of β-HCH levels. In one of the
studies (Ward et al., 2000), occupational category
was also documented, but this did not provide
any additional information on exposure. In the
other studies, occupational information was not
collected.
[The Working Group noted that the validity
of using β-HCH as a proxy of lindane depends
on the extent to which the two exposures are
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Secretariat had received three registrations
of specific exemptions for allowable uses of
lindane applicable in Canada, and Hong Kong
and Macao, Special Administrative Regions,
China, as described in Annexes A and B of the
Convention (UNEP, 2002). Acceptable purposes
for use of lindane are restricted to that of a
human health pharmaceutical, adjuvant therapeutic drug, for control of head lice and scabies
as second-line treatment (Vijgen et al., 2011).
WHO has specified a guideline value for
water contamination by lindane of 2 μg/L (WHO,
2004).

Maximum residue limits for lindane in
various foods, particularly crops, are specified
under many national and other authorities. As
a persistent organic pollutant, lindane is recognized as a water contaminant and subject to
regulation by transnational, national, and state
or local authorities.
The United States Occupational Safety and
Health Administration specifies permissible
exposure limits for lindane of 0.5 mg/m3 (timeweighted average) for general, construction and
maritime industries (OSHA, 2017).

1.5.2 Transnational and national regulations

2.

Lindane is banned for use in 52 countries,
restricted or severely restricted in 33 countries,
not registered in 10 countries, and registered in 17
countries (CEC, 2006, 2015). In the USA, lindane
was registered as an agricultural insecticide in
the 1940s, and as a pharmaceutical in 1951. It was
regulated as a pesticide by the EPA (EPA, 2015a,
b), while lindane medications are regulated by
the FDA (FDA, 2015). The EPA gradually began
restricting its agricultural use in the 1970s. By
2002, use of lindane was limited to seed treatments for six crops, and finally banned in 2007.
Under FDA regulation, a 1% γ-HCH lotion is
available for the treatment of scabies, and a 1%
shampoo is available for the treatment of head
lice (CEC, 2006).
In Europe, the European Commission
supported withdrawal of approval of lindane
as an active substance (European Commission,
2000a, b) for plant protection products. In 2004,
the European Parliament adopted Regulation
850/2004 that bans production and use of
13 persistent organic pollutants (European
Commission, 2004). For lindane, the regulation
allowed member states a phase-out period until
December 2007. As assessed in 2006, several
countries in Europe still allowed restricted use
of lindane (CEC, 2006).
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Cancer in Humans

This section reviews cohort and case–control
studies that assessed exposure to lindane or
β-HCH and cancer. Although lindane is the
gamma isomer of hexachlorocyclohexane
(γ-HCH), commercial lindane products may
include other isomers, including the β form,
which has a longer half-life; in addition, technical-grade HCH containing the γ-isomer and
several other isomers has reportedly been used
as an insecticide (see Section 1). Studies of cancer
using biological measurements of β-HCH as an
indicator of exposure to lindane are therefore
included in this review, reflecting the Working
Group’s judgment that the level of exposure
to β-HCH could be a proxy indicator of such
exposure.

2.1 Cohort studies
See Table 2.1
Using the IARC International Register of
Workers Exposed to Phenoxy Herbicides and
Their Contaminants, Kogevinas et al. (1995)
observed that exposure to lindane was associated
with an excess risk of non-Hodgkin lymphoma
(NHL), with an odds ratio (OR) of 1.6 (95% confidence interval [CI], 0.3–8.8).

Table 2.1 Cohort studies of cancer and exposure to lindane
Population size,
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Kogevinas et al.
(1995)
Australia,
Canada, Europe,
New Zealand,
1955 to 1991
Nested case–
control study

Cases: 32 NHL, 11
sarcoma; cohort data
linked to death certificates
and cancer registration
records
Controls: 158 (NHL
controls), 55 (sarcoma
controls); selected from
cohort, matched to each
case by age, sex, and
country of residence at
time of employment
Exposure assessment
method: company records;
exposure information on
qualitative scale, based on
departments worked
Cases: 74 incident
cases identified from
Washington County
Cancer Registry for
participants from CLUE I
or II cohort
Controls: 147 controls, 2
per case matched on race,
sex, date of birth (within
1 yr), participation in
CLUE I or II or private
census in 1963–75, date of
blood sample (within 15
days), location of stored
serum
Exposure assessment
method: total lipid
corrected serum values

NHL

Lindane

NR

1.6 (0.3–8.8)

Age, sex,
country of
residence when
employed

Strengths: examined
cancer incidence
Limitations: no
quantitative exposure
information

NHL (ICD-8,
200 202)

β-HCH (ng/g lipid):
0.0–84.9
85.6–138.0
138.7–177.3
179.4–302.0
Trend-test P-value, 0.96

12
25
12
25

1.0
3.0 (1.1–8.4)
1.0 (0.3–3.2)
1.5 (0.5–4.3)

Ever smoked
or currently
smoking
cigarettes, years
of education
(< 12, ≥ 12),
EBV-EA
seropositivity,
quartile of PCB
concentration

Strengths: most
cases pathologically
confirmed; serum
collected prediagnosis.; laboratory
analysis blind to
case‑control status
Limitations: evidence
of possible exposure
measurement error

Cantor et al.
(2003)
Washington
County, ML,
USA; CLUE
study
1974 enrolment/
follow-up to
1994
Nested
case‑control
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Lindane

Reference,
location,
enrolment/
follow-up
period, study
design

Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Rafnsson
(2006a)
Iceland
Follow-up,
1955–2003

7882 men (213 685 personyrs), 429 women (10 439
person-yrs); sheep farmers
in Iceland
Exposure assessment
method: records of sheep
dipping is kept by the
Icelandic Veterinary
Services; population-based
cancer registry

Lip

Men
Women

41
2

Liver and
gallbladder
(155)
Trachea,
bronchus and
lung (162)
NHL
(200–202)

Men
Women

26
1

1.50 (1.08–2.04)
9.09
(1.02–32.82)
0.71 (0.46–1.04)
0.48 (0.01–2.66)

Men
Women

137
8

0.54 (0.46–0.64)
0.77 (0.33–1.52)

Men
Women
Men
Women
Men

45
2
1818
77
541

0.90 (0.66–1.21)
1.04 (0.12–3.76)
0.79 (0.76–0.83)
0.72 (0.57–0.90)
0.92 (0.85–1.00)

No. of sheep:
3–99
> 100
100–199
200–683

8
37
22
15

1.00
3.86 (1.59–8.53)
3.83 (1.58–9.31)
3.44 (1.31–9.04)

All cancers
combined

Rafnsson
(2006b)
Iceland
1962–2003
Nested case–
control

Cases: 45; Iceland
population-based cancer
registry
Controls: 221; sample of
registered sheep farmers in
Iceland
Exposure assessment
method: paper records
on sheep dipping from
the Icelandic Veterinary
Service

Prostate (all
cases)
NHL

Covariates
controlled

Comments

Strengths: complete
paper records for
1962–1980; population
based cancer registry
Limitations:
comparison of cancer
incidence among
sheep farmers with
the general population
controlled for age only

Age, period of
birth (< 1910;
1910–1919; 1920
and later)

Strengths:
longstanding
programme of sheep
dipping with lindane;
precise estimates of
numbers of sheep
Limitations:
occupational
exposures other than
lindane were not
ascertained; personal
habits and medical
histories were not
available
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Table 2.1 (continued)

Table 2.1 (continued)
Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Alavanja et al.
(2014b)
Iowa, North
Carolina, USA
1993–2010

54 306 licensed pesticide
applicators
Exposure assessment
method: questionnaire;
population-based cancer
registries

NHL

Mills & Yang
(2003)
California, USA
1988–1999
Nested case–
control

Cases: 222 prostate cancers, Prostate
resulting from a linkage
between UFW union
rosters and the populationbased California cancer
registry
Controls: 1110 non-cancer
members selected from the
UFW union roster
Exposure assessment
method: California
pesticide application
records

Lindane use:
None
396
Ever
85
Total days of lindane exposure:
None
205
Low [≤ 8.75]
18
Medium [> 8.75–56]
13
High [> 56–457.25]
14
Trend-test P-value, 0.004
Lindane exposure
1 (low)
93
High
129
Level 2
49
Level 3
47
Level 4 (high)
33
Trend-test P-value, 0.003

Risk estimate
(95% CI)

Covariates
controlled

Comments

1.0
1.0 (0.8–1.2)

Age, state, race,
total days of
herbicide use

Strengths: large
prospective study,
ascertainment of
exposure before
disease;, large number
of lindane exposed
participants

Age, date of
first union
membership,
and duration of
union affiliation

Strengths: workers
with relatively high
exposure to pesticides;
cases and controls
from the same
population
Limitations:
econological exposure
assessment method
with potential for bias
towards the null

1.0
1.2 (0.7–1.9)
1.0 (0.6–1.7)
2.5 (1.4–4.4)

1.00
1.32 (0.88–1.96)
1.14 (0.45–1.77)
1.86 (1.10–3.17)
2.37 (1.12–4.61)

Lindane
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Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure category
or level

Sawada et al.
(2010)
Japan
enrolment,
1990‑1994/follow
up to 2005
Nested case–
control

Cases: 201 incident cases
identified from local
hospitals, populationbased cancer registries and
death certificates, from
the cohort of residents of
public-health centre areas
in Japan
Controls: 402, matched by
age, area of residence, date
time of day, and duration
of fasting before blood
collection
Exposure assessment
method: personal
monitoring; blood samples
taken at baseline
54 412 male pesticide
applicators
Exposure assessment
method: questionnaire

Prostate

β-HCH (ng/g lipid)
< 200
200–319
320–519
≥ 520
Trend-test P-value,
0.05

Koutros et al.
(2013)
Iowa and North
Carolina, USA
Enrolment,
1993–1997/
follow-up to 31
December 2007

Prostate (all
cases)

Lindane exposure:
No exposure
Q1
Q2
Q3
Q4
Trend-test P-value, 0.33

Exposed
cases/
deaths

Risk estimate
(95% CI)

52
50
56
43

1.00
0.89 (0.52–1.50)
0.85 (0.50–1.46)
0.56 (0.30–1.01)

840
43
36
39
39

1.00
0.88 (0.63–1.23)
1.06 (0.76–1.49)
1.06 (0.76–1.48)
1.16 (0.84–1.60)

Covariates
controlled

Comments

Smoking
status, alcohol
consumption,
marital status,
BMI, intake of
green tea, intake
of green tea and
miso soup

Strengths: prediagnosis blood
samples
Limitations: response
rate not known

Age, state, race,
family history of
prostate cancer,
smoking, fruit
servings, and
leisure-time
physical activity
in the winter

Agricultural Health
Study
Strengths: large cohort
study, in agricultural
population with high
exposure prevalence;
detailed exposure
assessment
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Table 2.1 (continued)

Table 2.1 (continued)
Reference,
location,
enrolment/
follow-up
period, study
design

Population size,
description, exposure
assessment method

Organ site

Exposure category
or level

McGlynn et al.
(2008)
USA
1988–2003
Nested case–
control

Cases: 739 cases identified
among men who donated
blood between 1 January
1987 and 31 December
2002 to the DoDSR
Controls: 915 controls
matched on birth year,
race/ethnicity, and date
of available serum sample
(within 30 days)
Exposure assessment
method: personal
monitoring
Cases: 49 members of the
Janus serum bank cohort
identified through linkage
with the Norwegian cancer
registry
Controls: 51 matched to by
region, period of and age at
blood draw
Exposure assessment
method: personal
monitoring; median
(range) among controls:
β-HCH, 129.7 (59.7–295.9)
ng/g lipid; γ-HCH, 6.4
(0.1–42.4) ng/g lipid

Testis
(testicular
germ cell
tumours)

Testis

Purdue et al.
(2009)
Norway
Enrolment,
1972/follow up,
1978–1999
Nested case–
control

Testis

Exposed
cases/
deaths

Risk estimate
(95% CI)

β-HCH (μg/g lipid)
≤ 0.00582
0.00583–0.00804
0.00805–0.0115
> 0.0115
Trend-test P-value, 0.4

306
160
125
143

1.00
1.05 (0.80–1.40)
0.82 (0.60–1.11)
0.90 (0.65–1.24)

β-HCH tertile 1
β-HCH tertile 2
β-HCH tertile 3
γ-HCH tertile 1
γ-HCH tertile 2
γ-HCH tertile 3

15
13
21
17
15
17

1.0
1.0 (0.4–2.7)
1.8 (0.5–6.1)
1.0
1.0 (0.3–3.1)
1.1 (0.2–5.0)

Covariates
controlled

Comments

Age at blood
donation,
ethnicity, date of
serum draw, age
at reference date,
cryptorchidism,
family history
of testicular
cancer, height,
BMI

Strengths: large
study size; analysis of
pre-diagnostic serum
samples; high response
rate; histologically
confirmed tumours
Limitations: some
participants could not
be contacted due to
military deployment;
adjustment for selfreported BMI; multiple
comparisons
Strengths: use of
serum samples
collected before
diagnosis;
completeness of
the Norway Cancer
Registry
Limitations: small
study size

None
(conditional
logistic
regression;
matching
criteria region/
age at blood
draw/period of
blood draw)

BMI, body mass index; CLUE, Campaign Against Cancer and Stroke; DoDSR, Department of Defense Serum Repository; DDT, dichlorodiphenyltrichloroethane; HCH,
hexachlorocyclohexane; IQR, interquartile range; EBV-EA, Epstein-Barr virus early antigen; NHL, non-Hodgkin lymphoma; NR, not reported; PCB, polychlorinated biphenyl ; Q,
quartile; UFW, United Farmer Workers

Lindane

295

IARC MONOGRAPHS – 113
In the Clue I and II studies (Cantor et al.,
2003), γ-HCH and β-HCH, were measured in
serum samples for 74 cases of NHL and 147
matched controls. Data for γ-HCH were not
reported as this isomer was detected in < 5%
of samples. The concentration of β-HCH was
significantly elevated among cases compared
with controls. There was no clear pattern of risk
with increasing quartile of lipid-corrected and
recovery-adjusted level of exposure, with the
highest odds ratio being in the second quartile
for both unadjusted and adjusted (OR, 3.0; 95%
CI, 1.1–8.4) analyses. [In this study most cases
were confirmed from pathology information and
serum was collected pre-diagnosis. The levels
obtained for some compounds such as polychlorinated biphenyls and lindane were higher than
expected, which may imply that there was some
measurement error.]
A cohort (Rafnsson, 2006a) and nested
case–control study (Rafnsson, 2006b) of sheep
owners in Iceland provided additional, albeit
indirect, evidence to evaluate the association
between lindane and NHL. Sheep dipping with
lindane formulations was compulsory in Iceland
after 1959 to prevent ectoparasites, mainly sheep
scab mites. Initially, technical-grade HCH (a
mixture of isomers) was used. In the 1970s,
technical-grade HCH was replaced by γ-HCH
(lindane). A paper record of compliance with this
law was available from 1962 to 1980 through the
Icelandic Veterinary Services and was used as a
surrogate measure of exposure to lindane.
The cohort (Rafnsson, 2006a) comprised
7882 men (213 685 person-years of follow-up)
and 429 women (10 439 person-years). Observed
and expected cancer cases were compared in
an analysis of standardized incidence ratio
(SIR), adjusted for age and calendar period. The
standardized incidence ratio for all cancers was
significantly less than expected for men (SIR,
0.79; 95% CI, 0.76–0.83) and women (SIR, 0.72;
95% CI, 0.57–0.90). Cancer of the lip was the only
cancer found at a significantly greater rate than
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expected; the standardized incidence ratio was
1.5 (95% CI, 1.08–2.04) for men, and 9.09 (95%
CI, 1.02–32.82) for women. All other standardized incidence ratios were not statistically significant. The standardized incidence ratio for NHL
in men was 0.90 (95% CI, 0.66–1.21; 45 cases) and
in women 1.92 (95% CI, 0.12–3.76; 2 cases).
In the nested case–control study (Rafnsson,
2006b), 45 histologically confirmed cases of NHL
(International Classification of Disease seventh
revision), in men diagnosed in 1962–2003 were
recorded in the national cancer registry. A total
of 221 cancer-free men sampled at random
from the cohort served as controls. The age-adjusted odds ratio for NHL was 3.86 (95% CI,
1.59–8.53) for individuals who had 100 sheep or
more compared with those who had less than
100 sheep. No analysis of risk in relation to the
period of exposure was conducted. [The overall
decreased cancer risk of sheep farmers in Iceland
was consistent with findings reported previously
among farmers in Iceland and in other countries. The excess risk of cancer of the lip found in
this study has been observed in many previous
studies of farmers and is usually attributed to
long periods of unprotected occupational exposure to solar radiation. The disparity between
the results of internal and external analysis
may be attributed to more complete controlling
for disparities in cancer determinants among
farmers. The Working Group noted that the
exposure metric used in this study, specifically
the number of sheep, could lead to misclassification of the level of lindane exposure, but would
likely not have materially affected the exposure
rank order.]
In the USA, the AHS considered incident
cases of NHL among more than 54 000 study
participants who were free of cancer at the time
of enrolment (Alavanja et al., 2014a). A history
of lindane use was reported for 85 cases of NHL
before onset of disease. Lindane was first registered for use in the USA in 1947, but its use
was restricted to certified applicators in 1983,

Lindane
and further restricted to specific crops in 2002.
Pesticide exposure information was ascertained
from two phases of questionnaire administration in this analysis. For participants who did
not complete the follow-up questionnaire, a
data-driven multiple imputation procedure with
logistic regression and stratified sampling was
used to impute specific pesticide exposure.
Relative risks were calculated for no, low,
or high use of lindane according to histological
subtype of NHL; relative risks were elevated for
those with high exposure to lindane, although
statistically significant increases in risk were
seen only for follicular B-cell lymphoma (P for
trend, 0.04). Statistically significant upward exposure–response trends for NHL were observed
with total days of lindane use [1.0 (reference), 1.2
(95% CI, 0.7–1.9), 1.0 (95% CI, 0.6–1.7), 2.5 (95%
CI, 1.4–4.4) (P for trend, 0.004)], and with intensity-weighted days of exposure [1.0 (reference),
1.3 (95% CI, 0.8–2.2), 1.1 (95% CI, 0.7–1.8), 1.8
(95% CI, 1.0–3.2) (P for trend, 0.04)] (Alavanja
et al., 2014a). The risk estimates were adjusted
for age, state of residence, race, and total days
of pesticide use. Lindane was not associated
with the use of other insecticides, fungicides, or
fumigants. Smoking, other lifestyle factors, and
other occupational exposures were not observed
to confound the results reported. Similar results
were observed in an earlier analysis by Purdue
(Purdue et al., 2007).

2.2 Case–control studies nested
within cohorts
Several case–control studies nested within
cohorts assessed the association between exposure to lindane or γ-HCH and risk of cancer of
the prostate or testis. Results for other isomeric
forms (β-HCH) are also presented here. The
major strength of most of these studies was the
use of pre-diagnostic blood samples for measuring HCH.

2.2.1 Cancer of the prostate
A nested case–control study of cancer of the
prostate was conducted within a large cohort of
predominately Hispanic members of the United
Farm Workers of America labour union in
California, USA (Mills & Yang, 2007). Through
electronic linkage between a roster of union
members and the California cancer registry for
the years 1988–1999, newly diagnosed cases of
cancer of the prostate were identified from the
union. Age-matched controls were randomly
selected from the remained of the cancer-free
cohort. Risk for cancer of the prostate was
examined by the type of crops and commodities
cultivated by the farm workers, as well as by the
date of first union activity and duration of union
membership. In addition, the risk of cancer of
the prostate was evaluated in association with
the use of several pesticides recorded by the
California Department of Pesticide Regulation
by place, time period and crop, rather than at
the level of individual workers. Between 1988
and 1999, 222 newly diagnosed cases of cancer
of the prostate were identified for analysis and
1110 age-matched controls were selected. The
risk of prostate cancer was not associated with
patterns of employment in any crop/commodity.
However, risk was observed to increase monotonically with an increase in estimated use
of lindane; the odds ratio was 2.37 (95% CI,
1.12–4.61) for the highest quartile of use
compared with the lowest quartile, adjusted for
age, date of first union membership, and duration of union membership. [The Working Group
noted that the semi-ecological exposure assessment may have led to measurement error at the
level of the individual, but had the advantage
that it did not rely on self-report (eliminating
the potential for recall bias) as exposure was
obtained through record linkage. The Working
Group also noted that these methods enabled
estimation of whether a cohort member worked
in an area with high use of pesticides; however,
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level of exposure was based on the county, crop,
and period when the person worked, and there
was no information on job tasks collected from
the participants, resulting in possible exposure
misclassification.]
One nested case–control study reported
results on risk of cancer of the prostate in
relation to β-HCH (Sawada et al., 2010). This
case–control study was nested within the Japan
Public Health Center-based Prospective Study,
a population-based cohort of 65 657 men aged
40–69 years at baseline in 1990–1993, of whom
14 203 provided blood samples. During follow
up until December 2005, 201 cases of cancer of
the prostate were identified from major hospitals, cancer registries, and death certificates.
Two controls per case were matched by age, area
of residence, date of blood sampling, time of
day of blood sampling, and duration of fasting
at blood collection. Organochlorine pesticides
and polychlorinated biphenyls were measured
in the blood samples taken before diagnosis. The
incidence of cancer of the prostate tended to be
inversely associated with exposure to β-HCH in
this study (odds ratio for exposure in the highest
exposure category as compared with the lowest:
OR, 0.56; 95% CI, 0.30–1.01; P for trend, 0.05).
[The Working Group noted that measurements
of β-HCH in biological samples do not necessarily indicate exposure to lindane in the absence
of information about the sources of exposure to
HCH compounds.]
In the AHS, 1962 incident cases of cancer
of the prostate among 54 412 licensed pesticide applicators were evaluated for exposure to
48 pesticides of widespread use in the cohort
(Koutros et al., 2013). Increased use of lindane
(lifetime days of use) was not associated with
risk of total prostate cancer, nor was it associated with aggressive prostate cancer (i.e. Gleason
score > 7). The rate ratio of total prostate cancer
comparing the highest quartile of lindane use
to those who did not use lindane was 1.16 (96%
CI, 0.84–1.60; P for trend, 0.33) adjusted for age,
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state, race, family history of prostate cancer,
smoking, fruit servings per day, and leisure-time
physical activity in winter. [The Working Group
noted that this was a large prospective study with
controls for many potential confounders.]

2.2.2 Cancer of the testes
No studies of cancer of the testes and occupational exposure to lindane were available to the
Working Group.
McGlynn et al. (2008) reported the results
of a case–control study on testicular germ cell
tumours among military servicemen in the USA,
which included separate analyses for seminoma
and non-seminoma, and data on β-HCH but
not γ-HCH (lindane). The cases included in the
analysis were 739 men who had donated blood
to the Department of Defense Serum Repository
(DoDSR) between 1987 and 2002, and who were
subsequently diagnosed with testicular germ cell
tumour. Controls were 915 men with a serum
sample available in the DoDSR matched on
birth year, ethnicity, and date of available serum
sample (within 30 days). Each participant was
given a computer-assisted telephone interview to
obtain information on height, weight, medical
conditions, and family history of cancer. Eleven
organochlorine compounds were analysed in the
serum. Total testicular germ cell tumours were
not associated with β-HCH (highest versus lowest
quartile: OR, 0.90; 95% CI, 0.65–1.24; P for trend,
0.40). Null results were reported for seminomas
(OR, 0.97; 95% CI, 0.63–1.49; 78 exposed cases; P
for trend, 0.83) and non-seminomas (OR, 0.85;
95% CI, 0.57–1.26; 65 exposed cases; P for trend,
0.24). [This was a well-conducted study with a
large number of subjects, and high response
rates. The use of pre-diagnostic serum samples
in this study maybe an advantage; however,
β-HCH measurements in biological samples do
not necessarily indicate exposure to γ-HCH.]
Purdue et al. (2009) reported the findings
of a case–control study on testicular germ cell

Lindane
tumours that was nested within the Janus Serum
Bank cohort of Norway. Cases were Janus cohort
members with baseline blood collection between
1972 and 1978, who were identified with a diagnosis of testicular germ cell tumour between
baseline and 31 December 1999 through linkage
with the Norwegian cancer registry. One male
control from the Janus cohort was matched to
each case by region, time of blood draw, and
age at blood draw. The analysis was conducted
in 49 cases (80%) and 51 controls (81%) with
adequate exposure data. Concentrations of 11
organochlorine pesticides, including β-HCH
and γ-HCH (lindane), and of 34 polychlorinated
biphenyls were measured in the serum samples.
The odds ratios for highest versus lowest exposure
tertile were 1.8 (95% CI, 0.5–6.1) and 1.1 (95%
CI, 0.2–5.0) for β-HCH and γ-HCH, respectively.
[This was a small but well-conducted study. An
important strength was the use of serum samples
collected before diagnosis; however, as noted
previously, β-HCH measurements in biological
samples do not necessarily indicate exposure to
lindane.]

2.3 Case–control studies
2.3.1 Cancer of the breast
See Table 2.2
Exposure to lindane in relation to cancer of
the breast has been assessed in three case–control
studies, two in Spain and one in India.
A hospital-based case–control study was
conducted in the three largest public hospitals
in southern Spain (Ibarluzea et al., 2004). Cases
were recruited from women aged 35‑70 years
undergoing surgery for newly diagnosed malignant carcinoma of the breast. Levels of lindane in
adipose tissue samples were higher, but not statistically significantly, in 198 cases of cancer of the
breast compared with 260 age-matched controls.
After adjusting for potential confounders, a
significant odds ratio of 1.76 (95% CI, 1.04–2.98)
emerged for postmenopausal women with

lindane concentrations greater than the LOD
versus those with lindane concentrations less
than or equal to the LOD. [More than half of the
women had lindane values under the LOD.]
In the Canary Islands, Spain, Boada et al.
(2012) found that serum levels of lindane were
not associated with cancer of the breast in 121
cases compared with 103 healthy controls. [This
study was not matched by age; cases were significantly older than controls, and few women were
exposed.]
In a pilot study in India, Siddiqui et al. (2005)
found significantly higher levels of lindane in
blood samples from 25 cases of cancer of the
breast compared with 25 controls with benign
disease. No exposure–disease associations were
reported. [The limitations of this study included
the small sample size, the recruitment of cases
from a single hospital, and the lack of controls
for confounders.]

2.3.2 Lympho-haematopoietic cancers
See Table 2.3
This section describes case‑control studies
of risk of NHL or leukaemia and exposure to
lindane. It should be noted that interpretation of
the published literature was complicated by the
change over time in the classification and coding
systems for NHL and its subtypes (American
Cancer Society, 2016).
Data from an in-person interview study of
622 white men with newly diagnosed NHL and
1245 population-based controls in Iowa and
Minnesota, USA, were used to measure the risk
associated with farming occupation and specific
agricultural exposures (Cantor et al., 1992).
Detailed information was collected on farming
and pesticide use, including over 100 insecticides
used on animals or crops, herbicides, and fungicides. Significantly elevated risks were found
for ever handling lindane as a crop insecticide
(OR, 2.0; 95% CI, 1.0–3.7) and for handling
it before 1965 (OR, 2.2; 95% CI, 1.0–4.7) after
adjusting for vital status, age, state, smoking,
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Reference,
location followup/enrolment
period

Population size, description,
exposure assessment method

Organ site

Boada et al.
(2012)
Gran Canaria
Island, Spain
April 1999‑June
2001

Cases: 121, from two university
hospitals of Gran Canary Island
Controls: 103, selected from
representative population
sample obtained in the Canary
Islands Nutrition Survey
Exposure assessment method:
personal monitoring; serum,
GC-ECD
Cases: 198 women aged 35‑70
yrs undergoing surgery for
newly diagnosed malignant
breast carcinoma (invasive or in
situ) without previous history
of cancer
Controls: 260, age-matched
(± 3 yrs) and hospital; exclusion
criteria for controls were the
presence of gynaecological or
endocrine disease, including
diabetes, and history of cancer
Exposure assessment method:
personal monitoring; adipose
tissue samples; GC-ECD

Breast
(ICD-O 2nd
C50.0‑C50.9)

Ibarluzea et al.
(2004)
Granada and
Almeria, Spain
April 1996‑June
1998

Breast
(ICD-O 2nd
C50.0-C50.9)

Exposure
category or level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates
controlled

Comments

Age, BMI,
menopausal status,
lactation, and
tobacco

Limitations:
not matched by
age; cases were
significantly older
than controls, and
few women were
exposed

Lindane (ng/g
105
lipid)
Trend-test P-value, 0.988

1.097
(0.420–28.412)

LOD ( lindane ng/g lipid)
< LOD
67
> LOD (all)
54
> LOD
33
(premenopausal)
> LOD
53
(postmenopausal)

Age, reference
hospital, BMI,
1.00
1.40 (0.92–2.13) number of children,
age at first full-term
1.10 (0.50–2.37)
pregnancy, family
history of breast
1.76 (1.04–2.98) cancer, alcohol and
tobacco

BMI, body mass index; GC-ECD, gas chromatography with electron-capture detection; LOD, limit of detection; yr, year

Strengths: control
for confounders
Limitations:
many women had
lindane values
under the LOD

IARC MONOGRAPHS – 113

300

Table 2.2 Case‑control studies of cancer of the breast and exposure to lindane

Table 2.3 Case‑control studies of lympho-haematopoietic cancers and exposure to lindane
Reference,
location followup/enrolment
period

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Cantor et al.
(1992)
Iowa and
Minnesota, USA
Enrolment,
1980–1982

Cases: 622; Iowa Health Registry
records and Minnesota hospital
and pathology records
Controls: 1245; populationbased; no cancer of the
lympho-haematopoietic system;
frequency-matched to cases by
age (5-yr group), vital status, state;
random-digit dialling (age < 65
yrs); Medicare records (age ≥ 65
yrs); state death certificate files
(deceased subjects)
Exposure assessment method:
questionnaire; in-person interview

NHL

Ever handled lindane:
As an animal
55
insecticide
before 1965
40
without PPE
45
As a crop
21
insecticide
before 1965
14
without PPE
16
before 1965
9
(Iowa residents)
before 1965
5
(Minnesota
residents)

Cases: 987 white men
Controls: 2895; frequency
matched on age, race, state of
residence; random-digit dialling
for living cases aged < 65 yrs and
from the Health Care Financing
Administration for those aged ≥
65 yrs; controls for deceased cases
from deaths records in each state,
matched for age and year of death
Exposure assessment method:
telephone interviews with subjects
or next of kin in Kansas and
Nebraska, and in person in Iowa
and Minnesota

NHL

Blair et al. (1998)
Iowa,
Minnesota,
Nebraska,
Kansas, USA
1980s

NHL

Exposed Risk
cases/
estimate
deaths
(95% CI)

1.7 (1.1–2.7)
1.6 (1.0–2.4)
2.0 (1.0–3.7)
2.2 (1.0–4.7)
2.6 (1.2–5.5)
1.4 (0.6–3.5)

Comments

Age, vital status,
state, smoking
status, family
history of lymphohaematopoietic
cancer, high-risk
occupations, highrisk exposures

Data subsequently
pooled in De Roos et al.
(2003)
Strengths: large
population-based
study in farming areas.
Minimal evidence
for confounding by
exposure to other
pesticides
Limitations: not
controlled for exposure
to other pesticides; small
numbers of cases in
some analyses; multiple
comparisons; use of
proxy respondents;
white men only
Strengths: pooled
analysis with large
numbers of cases and
controls
Limitations: use of
proxy respondents

6.5 (1.2–35.0)

1.0
1.5 (1.1–2.0)

Age, proxy/direct
interview, state of
residence

1.7 (1.1–2.5)
1.3 (0.7–2.3)
1.6 (0.6–4.0)
2.0 (0.6–6.4)
1.4 (0.8–2.3)
1.5 (1.0–2.2)
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Lindane use:
Non-farmer
243
Farmer (used
93
lindane, no
adjustment
for other
pesticides)
First lindane use:
≥ 20 yrs ago
59
< 20 yrs ago
18
Days/year lindane use:
≤4
8
≤5
5
Protective equipment:
Used
25
Not used
63

1.4 (1.0–2.1)

Covariates
controlled

Reference,
location followup/enrolment
period
Blair et al. (1998)
Iowa,
Minnesota,
Nebraska,
Kansas, USA
1980s
(cont.)
Schroeder et al.
(2001)
Iowa and
Minnesota, USA
1980–1983

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Exposed Risk
cases/
estimate
deaths
(95% CI)

Histological type:
Follicular
36
Diffuse
28
Small
14
lymphocytic
Other types
15
Cases: 622; identified through the
NHL
State Health Registry of Iowa and
active surveillance of hospital and
pathology laboratory records in
Minnesota
Controls: 1245 white males without
lympho-haematopoietic cancer,
frequency matched to cases on age
(± 5 yrs), state, and vital status.
identified using random-digit
dialling (age < 65 yrs), Health
Care Financing Administration
Medicare files (age ≥ 65 yrs),
and state death certificate files
(deceased controls)
Exposure assessment method:
questionnaire

Ever exposed to lindane
t(14;18)-positive 14
NHL vs
controls
t(14;18)12
negative NHL
vs controls
t(14;18)-positive 12
vs -negative
NHL

Covariates
controlled

Comments

Age, state

Same study population
as Cantor et al. (1992)
Limitations: 30% of the
study participants were
represented by next-ofkin respondents; some
bias towards the null
may have occurred due
to t(14;18) breakpoints
outside the range of
PCR primers; unable to
classify > 60% of NHL
cases

1.6 (1.0–2.5)
1.5 (0.9–2.5)
1.9 (0.9–4.0)
1.1 (0.6–2.1)
2.3 (1.3–3.9)
1.0 (0.5–1.7)
2.1 (0.9–5.1)
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Table 2.3 (continued)

Table 2.3 (continued)
Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Exposed Risk
cases/
estimate
deaths
(95% CI)

De Roos et al.
(2003)
Nebraska, Iowa,
Minnesota,
Kansas, USA
1979–1986

Cases: 650, from three previous
NHL
case‑control studies (Hoar et al.,
1986; Zahm et al., 1990; Cantor
et al., 1992)
Controls: 1933, from three previous
case‑control studies (as for cases)
Exposure assessment method:
questionnaire; 47 pesticides in the
pooled analysis (insecticides and
herbicides), for which ≥ 20 persons
were exposed; analysis restricted
to “potentially carcinogenic
pesticides”

Lindane ever use:

Lee et al. (2004)
Iowa,
Minnesota,
Nebraska, USA
1980–83 for
Iowa and
Minnesota,
1983–86 for
Nebraska

Cases: 872 from Iowa State Health
NHL
Registry, surveillance system of
Minnesota hospitals, Nebraska
Lymphoma Study Group
Controls: 2336, frequencymatched on age, race, state of
residence; random-digit dialling
for living cases (age < 65 yrs) and
from the Health Care Financing
Administration (age ≥ 65 yrs;
controls for deceased cases from
death records in each state,
matched for age and year of death
Exposure assessment method:
questionnaire; telephone
interviews with subjects or next-ofkin in Nebraska, and in person in
Iowa and Minnesota

Lindane exposure:
Non-farmers,
259
non-asthmatics
Nonasthmatics 84
Asthmatics
11

Hierarchical
regression

59

1.2 (0.8–1.9)

Logistic
regression

59

1.2 (0.7–2.0)

1.0
1.3 (0.97–1.8)
2.4 (1.0–5.7)

Covariates
controlled

Comments

Other pesticides,
age, location

Strengths: large number
of exposed subjects;
analysis of combined
pesticide exposure and
the number of pesticides
used; evaluation of
potential superadditivity
of pesticides effects; use
of hierarchical models
Limitations: no
quantification
of exposure; no
information on the
timing of pesticide
use; use of proxy
respondents; many
exclusions due to
missing data
Studies in midwest USA
Strengths: pooled study
so larger numbers
Limitations: use of
proxy respondents; no
adjustment for coexposures

Age, vital status,
state of residence
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Reference,
location followup/enrolment
period

Reference,
location followup/enrolment
period

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Exposed Risk
cases/
estimate
deaths
(95% CI)

Covariates
controlled

Comments

McDuffie et al.
(2001)
Alberta,
Saskatchewan,
Manitoba,
Quebec,
Ontario, British
Columbia,
Canada
1991–1994

Cases: 517 newly diagnosed men,
age ≥ 19 yrs, enrolled from cancer
registries
Controls: 1506 (48%) men, age
≥ 19 yrs, enrolled from a random
sample of health insurance and
voting records; frequency-matched
on province and age
Exposure assessment method:
postal questionnaire, followed by
telephone interview for subjects
with ≥ 10 h/yr of pesticide
exposure and 15% random sample
of the remainder; a list of chemical
and brand names was mailed to
these participants before interview;
exposure defined as used at work,
in home garden, or as hobby
Cases: 1145 NHL (ICD-9, 200, 202),
430 leukaemia (ICD-9, 204–208);
all incident cases diagnosed in
residents of the study area; age
20–74 yrs
Controls: 1232 general-population
controls, frequency-matched by sex
and 5-yr age group, age 20–74 yrs
Exposure assessment method:
questionnaires reviewed
by agronomists to assign
pesticide‑exposure histories

NHL (200,
202)

Exposure to
lindane
Exposure to
lindane

15

Age, province of
residence
Age, province of
residence, medical
variables

Strengths: large study;
detailed exposure
assessment through
telephone interview;
deceased were ineligible,
reducing the number of
surrogate responders;
some modelling of
multiple pesticide
exposures
Limitations: potential
for recall bias; poor
response rates; risk
estimates were not
adjusted for other
pesticides

Age, area

NHL and CLL were
analysed as a combined
category due to
biological similarities
Strengths: expert
assessment of exposure

Miligi et al.
(2003)
Italy
1990–1993

NHL (ICD9, 200 &
202) and
CLL (ICD-9,
204.1)

15

2.05
(1.01–4.16)
2.06
(1.01–4.22)

Ever occupationally exposed to lindane:
Men
9
2.0 (0.6–7.7)
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Table 2.3 (continued)

Table 2.3 (continued)
Reference,
location followup/enrolment
period

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

De Roos et al.
(2005)
Iowa, Los
Angeles County,
metropolitan
areas of Detroit
and Seattle, USA
July 1998‑June
2000

Cases: 100 with blood sample; 1321
incident cases of NHL without
HIV infection; age 20–74 yrs;
identified from four SEER registry
areas
Controls: 100 with blood sample;
1057 population controls identified
by random-digit dialling (age < 65
yrs) and from Medicare eligibility
files ≥ 65 yrs); frequency-matched
to cases by age, sex, and race
Exposure assessment method:
blood sample
Cases: 174 incident cases recruited
at hospital
Controls: 203 from population and
hospital
Exposure assessment method:
lipid-adjusted concentrations

NHL

NHL

Cocco et al.
(2008)
France,
Germany, Spain
(Epilymph
multicentre
study)
Study period,
NR

DLBCL

SLL/CLL

Exposed Risk
cases/
estimate
deaths
(95% CI)

Covariates
controlled

Comments

β-HCH (quartiles ng/g lipid)
≤ 9.1
23
1.00
> 9.1–15.0
26
1.19
(0.49–2.89)
> 15.0–26.0
28
1.21
(0.50–2.90)
> 26.0
23
1.05
(0.42–2.64)
All (continuous 100
1.08
variable)
(0.94–1.25)
Trend-test P-value, 0.94

Sex, study site,
birth date, date of
blood draw

1% samples had γ-HCH
of > LOD, and 82% had
β-HCH of > LOD

β-HCH (ppb)
≤ 15
19
15.1–130.73
46
130.74–338.96
57
≥ 338.97
52
Trend-test P-value, 0.52
β-HCH (ppb)
≤ 15
5
15.1–130.73
14
130.74–338.96
13
≥ 338.97
12
Trend-test P-value, 0.66
β-HCH (ppb)
≤ 15
8
15.1–130.73
9
130.74–338.96
20
≥ 338.97
18
Trend-test P-value, 0.52

Age, sex,
education, centre

Strengths: designed to
give sufficient sample
size
Limitations: biological
exposure assessed at
diagnosis

1.0
0.7 (0.3–1.6)
0.9 (0.4–1.9)
0.7 (0.3–1.5)

1.0
0.8 (0.2–2.5)
0.8 (0.2–2.6)
0.7 (0.3–2.4)

1.0
0.3 (0.1–1.1)
0.7 (0.2–1.9)
0.5 (0.2–1.5)

Lindane
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Reference,
location followup/enrolment
period

Population size, description,
exposure assessment method

Viel et al. (2011)
Three electoral
wards
containing or
surrounding
a municipal
solid waste
incinerator,
Besancon,
France
1 January
2003‑31
December 2005
Leukaemia
Brown et al.
(1990)
Iowa and
Minnesota, USA
1980–1983

Organ site

Exposure
category or
level

Exposed Risk
cases/
estimate
deaths
(95% CI)

Cases: 34 newly diagnosed at the
NHL
department of haematology of the
university hospital
Controls: 34 randomly selected
from donor registry of regional
blood bank living in the area,
matched on sex, age (± 5 yrs), blood
draw (± 1 yr)
Exposure assessment method:
serum from a fasting blood sample;
total lipid-adjusted concentration

ng/g lipid
β-HCH

NR

γ-HCH

NR

Cases: 578 from tumour
registry (Iowa) and hospital
records (Minnesota) ; review by
pathologists
Controls: 1245 population-based
(random-digit dialling, Medicare
records, state death certificates);
frequency-matched by 5-yr age
group, vital status and state of
residence
Exposure assessment method:
detailed questionnaires: number
of animals and crops, use of 24
animal insecticides, 34 crop
insecticides, 38 herbicides, 16
fungicides; first and last year of
use; tasks (mixing, applying);. days
per year for each pesticide

Lindane use on animals:
Ever
38
Handled > 20
28
yrs ago
1–4 days/yr
15

Leukaemia
(including
myelodysplasias)

Leukaemia
(including
myelodysplasias)

Covariates
controlled

Comments

NR

Strengths: exposure
assessment does not rely
on participant recall;
detailed information
on lifestyle factors, diet,
occupation
Limitations: substantial
correlation between
several classes
of pesticides; the
disease process or
chemotherapy may have
distorted the results

Vital status, age,
state, tobacco use,
family history
lymphopoietic
cancer, high risk
occupations, high
risk exposures

Studies in midwest USA
Strengths: in-person
interviews; detailed
questionnaires
including quantification;
information on other
potential risk factors;
reviewed diagnosis
Limitations: self-report
of pesticide use

1.05
(1.00–1.12)
1.16
(0.93–1.49)

1.1 (0.7–1.7)
1.4 (0.8–2.3)
1.1 (0.5–2.0)

5–9 days/yr
3
> 10 days/yr
10
Lindane use on crops:
Ever
14

1.1 (0.3–4.1)
1.6 (0.7–3.7)

1–4 days/yr

6

5–9 days/yr
> 10 days/yr

2
3

3.5
(0.9–12.6)
1.2 (0.2–6.9)
1.3 (0.3–5.3)

1.6 (0.8–3.2)

Vital status, age,
state, tobacco use,
family history
lymphopoietic
cancer, high-risk
occupations, highrisk exposures

CLL, chronic lymphocytic leukaemia; DLBCL, Diffuse large B-cell lymphoma; HCH, hexachlorocyclohexane; HD, Hodgkin disease; LOD, limit of detection; MM, multiple myeloma;
NHL, non-Hodgkin lymphoma; NR, not reported; PCR, polymerase chain reaction; PPE, personal protective equipment; SEER, Surveillance, Epidemiology and End Results Program;
SLL, small lymphocytic leukaemia; STS, soft tissue sarcoma; vs, versus; yr, year
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Table 2.3 (continued)

Lindane
family history, high-risk occupations, high-risk
exposures). [Although exposure to one or more
other substances was associated with NHL in
this study, information on a large number of
exposures was collected presenting potential
problems of interpreting risk associated with a
particular chemical as multiple comparisons
increase the chances of false-positive findings.]
Data from the study by Cantor et al. (1992)
were pooled with data from two other population-based case–control studies of NHL and
exposure to pesticides in Kansas (Hoar et al.,
1986) and Nebraska (Zahm et al., 1990), USA,
in which exposure to lindane had not been
analysed previously, to evaluate the risk associated with exposure to lindane (Blair et al., 1998).
There were 987 cases and 2895 population-based
controls. Information was obtained by telephone
or in-person interviews, which included detailed
questions on farm practices and agricultural use
of chemicals. The risk of NHL (adjusted for age,
state of residence, type of respondent ‑ index or
proxy) was significantly elevated among subjects
reporting agricultural use of lindane (OR, 1.5;
95% CI, 1.1–2.0), and was greater among persons
who first used the pesticide 20 years before diagnosis, among those who reported more frequent
use of ≥ 5 days per year versus < 5 days per year,
and from use on crops (OR, 1.9 95% CI, 1.1–1.3),
rather than from use on animals (OR, 1.3; 95%
CI, 0.9–1.8). However, odds ratios were lower
for direct interviews (OR, 1.3; 95% CI, 0.9–1.8)
than for proxy respondents (OR, 2.1; 95% CI,
1.0–4.4). Adjustments by use of chemical class of
pesticides did not result in large changes in the
odds ratios, with slight increases after adjusting
for phenoxyacetic acids, triazines, amides,
and benzoics, and slight decreases for organophosphates and natural products. Adjustment
for reported use of two individual pesticides
(dichlorodiphenyltrichloroethane, DDT; and
fonofos) had no impact on the odds ratio for use
of lindane, while adjustment for use of 2,4-D and
diazinon reduced the odds ratios associated with

use of lindane from 1.5 to 1.2 (95% CI, 0.5–3.2)
and 1.3 (95% CI, 0.9–1.9), respectively.
The data from the study by Cantor et al.
(1992) were also used to investigate the hypothesis that some risk factors might act specifically
along t(14;18)-dependent pathways ‑ the t(14;18)
translocation is a common somatic mutation in NHL ‑ leading to stronger associations
with t(14;18)-positive than t(14;18)-negative
non-Hodgkin lymphoma (Schroeder et al., 2001).
Of 182 cases of NHL, 68 (37%) were t(14;18)-positive. Cases with t(14;18)-positive NHL were
associated with several individual pesticides,
including lindane (OR, 2.3; 95% CI, 1.3–3.9) in
contrast to null or negative associations for the
same self-reported exposures and t(14;18)-negative NHL. [No adjustment was made for shared
agricultural exposures. This study had several
limitations: 30% of the study participants were
represented by next-of-kin respondents with
consequent increased likelihood of inaccurate
or missing data; some bias towards the null may
have occurred due to t(14;18) breakpoints outside
the range of the polymerase chain reaction (PCR)
primers; the authors were unable to classify more
than 60% of cases of NHL.]
In a further analysis of the a subset of the
data from the same group of studies in the
pooled analysis by Blair et al. (1998), De Roos
et al. (2003) evaluated multiple exposures,
including ever-use of 47 insecticides and herbicides, including lindane. The larger sample size
provided adequate numbers of exposed subjects
to analyse the set of pesticide exposures simultaneously, using hierarchical regression to adjust
estimates based on prior distributions for the
pesticide effects. The risk associated with exposures to several pesticides combined, defined as
two pesticides used by the same person, but not
necessarily at the same time, was also explored.
Subjects with any missing information on exposure were omitted, and adjustments were made
for the most frequently used pesticides. Ever
exposure to lindane was not associated with an
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increase in risk of NHL (OR, 1.2; 95% CI, 0.8–1.9).
In a further analysis of a subset of 100 cases of
NHL and 100 matched controls from this pooled
data, De Roos et al. (2005) investigated plasma
organochlorine levels and risk of NHL. No association was observed for increasing quartiles of
β-HCH concentration (P for trend, 0.94).
A study of leukaemia in Iowa and Minnesota,
USA, which included 578 cases and 1245 population controls, reported a weak non-significant
association with ever use of lindane as an insecticide on crops (OR, 1.6; 95% CI, 0.8–3.2, based
on 14 cases) or on animals 20 years before the
study (OR, 1.4; 95% CI, 0.8–2.3), after adjusting
by risk factors including high-risk occupations,
and high-risk exposures. Risk associated with
exposure to lindane used as a crop insecticide
was highest in the lowest category of days per
year of use, while a linear, though non-significant, increase in risk was observed for use as an
animal insecticide (Brown et al., 1990). [No tests
for trend were reported in this paper.]
NHL is known to be associated with a compromised immune status. Asthma is a condition that
is also associated with moderate alterations in
immune function. For this reason, the data from
Iowa, Minnesota, and Nebraska were pooled to
investigate whether asthma modified the risk of
NHL associated with pesticide exposures; 872
cases and 2336 frequency-matched controls were
included (Lee et al., 2004). History of asthma
was collected during the interviews. 177 (45
cases, 132 controls) reported having been told
by their doctor that they had asthma. Subjects
with an asthma history had a lower risk of NHL
than non-asthmatics (OR, 0.6; 95% CI, 0.3–1.4).
However, asthmatics tended to have larger odds
ratios associated with exposure to lindane than
did non-asthmatics (OR, 2.4; 95% CI, 1.0–5.7 and
1.3; 95% CI, 0.97–1.8, respectively). The reference
category was non-asthmatic farmers. Similar
patterns of association were found for many
other pesticides. [The use of proxy respondents
in this study may have led to misclassification. In
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addition exposure to a large number of pesticides
was assessed but there was no attempt to account
for co-exposure in the analyses. The study had
limited power to investigate effect modification.]
Concentrations of 17 organochlorine pesticides, including four lindane isomers (α-, β-, γ-,
and δ-HCH), were measured in plasma samples
from 174 cases of NHL and 203 controls from
France, Germany, and Spain, who participated
in the Epilymph multicentre European population-based case–control study (Cocco et al.,
2008). There was no increased risk of NHL associated with increasing quartiles of β-HCH,
the only isomer present at detectable levels in
enough subjects to permit analysis, nor for the
NHL subtypes investigated (diffuse large B-cell
lymphoma and chronic/small lymphocyctic
leukaemia). [Although about half of the Spanish
patients underwent blood withdrawal after initiating chemotherapy, results did not change after
these patients were excluded. As noted previously,
measurements of β-HCH in biological samples
do not necessarily reflect exposure to lindane.]
A large, Canadian multicentre population-based incident case–control study (517
cases, 1506 controls) was carried out among men
in a range of occupations using a postal questionnaire followed by a telephone interview for
those reporting pesticide exposure of 10 hours/
year or more, and a 15% random sample of the
remainder (McDuffie et al., 2001). Exposure
to lindane was significantly associated with
an increased risk of NHL (OR, 2.05; 95% CI,
1.01–4.16), calculated with stratification by age
and province, and was similar when additionally
adjusted for significant medical variables such as
measles, mumps, previous cancer, allergy desensitization shots, and a positive family history
of cancer. [Although this was a large study, the
response rate was relatively poor, especially in
the controls, for whom it was less than 50%;
however, a comparison of non-respondents with
respondents using postal code as an indicator

Lindane
of rural residence did not find any indication of
rural bias among respondents.]
In an investigation of exposure to organochlorines and the risk of NHL in the neighbourhood of a municipal solid-waste incinerator with
high levels of dioxin emissions in Besançon,
France, serum concentrations of pesticides,
dioxins, furans, and polychlorinated biphenyls
(PCBs) were measured for 34 cases of NHL
(newly diagnosed in 2003–2005) and 34 controls
randomly selected from the donor registry of the
regional blood bank (matched for age, sex, and
date of blood draw) (Viel et al., 2011). The mean
serum concentration of β-HCH was 98.61 ng/g
lipid for cases and 48.08 ng/g lipid for controls.
An increased risk of NHL was found for β-HCH
(OR, 1.05; 95% CI, 1.00–1.12, per 10 ng/g lipid).
There was a high correlation with these isomers
with several other exposures, including PCBs
and lindane. The study excluded eight cases with
rapid death or poor prognosis (who were not well
enough to be interviewed). [The serum concentrations in this study may have been influenced
by the disease process as serum samples were
taken after diagnosis. In addition, measurements
of β-HCH in biological samples do not necessarily reflect exposure to lindane.]
Miligi et al. (2003) assessed exposure to
lindane in a case‑control study of NHL and
leukaemia that was carried out in Italy in
1990–1993. The analyses included 1145 cases of
NHL, 430 cases of leukaemia, and 1232 age- and
sex-matched controls from the general population. In-person interviews were conducted by
trained interviewers and a questionnaire recorded
information on many variables, including lifetime occupational history for all jobs held for
more than 6 months and occupational exposure to solvents and pesticides. More specific
and detailed data on specific jobs were collected
through a job-specific questionnaire developed
by industrial hygenists and agronomists. For
agricultural exposures, expert agronomists
reviewed the data collected and translated it into

pesticide‑exposure histories that included use of
specific active ingredients (including lindane).
Cases of NHL (ICD-10, 200, 202) and chronic
lymphocytic leukaemia (ICD-10, 204.1) were
analysed as a combined category due to biological
similarities. Men exposed to lindane had an odds
ratio of 2.0 (95% CI, 0.6–7.7; 9 exposed cases) for
NHL and chronic lymphocytic leukaemia after
adjustment for area and age.

2.3.3 Other cancers
See Table 2.4
(a)

Cancer of the prostate
In a case–control study of urology patients in
Ontario, Canada, β-HCH was measured in serum
from 79 men with incident cancer of the prostate
and from 329 age-matched controls (Aronson
et al., 2010). No association was observed between
concentration of β-HCH and risk of cancer of the
prostate (P for trend, 0.81). [As cases and controls
underwent the same diagnostic procedures and
were screened by prostate-specific antigen (PSA)
test and digital rectal examination, selection bias
was unlikely in this study.]
In a case‑control study of cancer of the prostate in British Columbia, Canada, Band et al.
(2011) found an elevated risk of cancer of the
prostate associated with ever being exposed to
lindane (OR, 1.47; 95% CI, 0.94–2.29) and high
exposure to lindane (OR, 2.02; 95% CI, 1.15–3.55),
with a significant trend in the exposure‑response
relationship (P for trend, 0.03).
(b)

Cancer of the testis
Biggs et al. (2008) conducted a population-based case‑control study of testicular germ
cell carcinoma in three counties of Washington
state, USA, in 1999–2003. Generally, concentration of β-HCH was not associated with testicular
germ cell carcinoma; however, an odds ratio of
5.54 (95% CI, 1.65–18.56) was associated with an
increase of 10 pg/g serum in concentrations of
γ-HCH.
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Reference,
Population size, description,
location,
exposure assessment method
enrolment/followup period

Organ
site

Biggs et al. (2008)
Washington state,
USA
January
1999‑December
2008

Cases: 246 men (age, 18–44
yrs) diagnosed with invasive
TGCT and resident of King,
Pierce, Snohomish counties,
Washington State, identified
from SEER
Controls: 630 men with no
history of TGCT, frequencymatched to cases on age (± 5 yrs)
and residing in the same three
counties as the cases; identified
using random-digit dialling
Exposure assessment method:
personal monitoring; median
β-HCH, 4.32 ng/g lipid; median
γ-HCH, 1.37 ng/g lipid
Aronson et al.
Cases: 79 cases identified from
(2010)
1288 men who visited a group of
Kingston, Ontario, five urologists
Canada
Controls: 329 controls identified
1997–1999
from 1288 men who visited a
group of five urologists (same
source as the cases); subdivided
into 194 urology controls (noncancerous prostate lesions) and
135 biopsy controls (no prostate
cancer detected at biopsy)
Exposure assessment method:
personal monitoring

Exposure
category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Testis
β-HCH (pg/g)
(TGCT) ≤ 29
113
1.00
> 29–65
83
1.26 (0.86–1.85)
> 65
25
0.92 (0.51–1.64)
Per
221
0.97 (0.82–1.13)
10 pg/g
Trend-test P-value, 0.83
Testis
γ-HCH (pg/g)
(TGCT) ≤ 9
130
1.00
9–20
73
0.80 (0.53–1.20)
> 20
38
1.36 (0.75–2.46)
Per
241
5.54
10 pg/g
(1.65–18.56)
Trend-test P-value, 0.69

Age, ethnicity,
change in BMI
between reference
date and blood draw,
assay run number,
serum lipids

Strengths: relatively large
study size
Limitations: poor betweenrun reliability of the analytic
method for several of
the analytes; use of postdiagnostic blood samples; low
response rates of cases and
controls

Prostate

Age, teenage
physical
activity, alcohol
consumption,
smoking pack-years

Strengths: PSA and DRE
screening in cases and controls
Limitations: very small
number of cases; total response
rates, NR; controls with
urological diseases possibly
related to exposure

β-HCH (µg/g lipid)
< 13.5
22
1.00
13.5–21.8 27
1.03 (0.54–1.99)
> 21.8 to
29
1.08 (0.57–2.06)
230.9
Trend-test P-value, 0.81
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Table 2.4 Case‑control studies of cancers of the prostate or testis and exposure to lindane

Table 2.4 (continued)
Reference,
Population size, description,
location,
exposure assessment method
enrolment/followup period
Band et al. (2011)
British Columbia,
Canada, 1983–
1990

Organ
site

Cases: 1153 histologically
Prostate
confirmed cases from British
Columbia cancer registry
Controls: 3999 age-matched
cancer patients from the same
registry: other sites, excluding
lung and cancer of unknown
primary site
Exposure assessment method:
lifetime occupational history
obtained through a selfadministered questionnaire plus
JEM to estimate the participants’
lifetime cumulative exposure
to approximately 180 active
compounds in pesticides

Exposure
category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Lindane exposure:
Not
1120
1.00
exposed
Ever
33
1.47 (0.94–2.29)
Low
10
0.91 (0.44–1.89)
High
23
2.02 (1.15–3.55)
Trend-test P-value, 0.03

Covariates
controlled

Comments

Alcohol
consumption,
cigarette yrs,
education level, pipe
years, respondent
type (proxy/direct)

Correlation between specific
pesticides as assessed through
JEM is reported (e.g. r = 0.72
between lindane and DDT)
Strengths: large study size;
histological confirmation;
high response rates; use of
JEM limiting differential
exposure misclassification;
lifetime cumulative exposure
assessment
Limitations: multiple
comparisons (142 active
chemicals evaluated); high
correlations between specific
pesticides; no mutual
adjustment

BMI, body mass index; CI, confidence interval; DRE, digital rectal examination; HCH, hexachlorocyclohexane; JEM, job‑exposure matrix; NR, not reported; PSA, prostate-specific
antigen; SEER, Surveillance, Epidemiology and End Results Program; TGCT, testicular germ cell tumours; yr, year

Lindane
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2.4 Meta-analysis
In a meta-analysis of NHL and occupational
exposures to agricultural pesticides (described in
section 2.3.2 of the Monograph on DDT in the
present volume), the meta relative risk (metaRR) estimate for NHL and exposure to lindane
was significant and relatively precise (meta RR,
1.6; 95% CI, 1.2–2.2; I2 = 26%) (Schinasi & Leon,
2014). An evaluation of risk for NHL overall
and NHL subtype associated with occupational
exposure to lindane in the Agricultural Health
Study (Alavanja et al., 2014b) was not available at
the time at which the meta-analysis by Schinasi
& Leon (2014) was accepted for publication.
[Inclusion of the paper by Alavanja et al. (2014b)
(relative risk [RR] for ever-exposure to lindane,
1.0; 95% CI, 0.8–1.2) would not have changed the
meta-estimate substantially, as the results were
similar to those of Purdue (RR for lindane exposure, 1.3; 95% CI, 0.8–2.1).] The authors explained
that a formal meta-analysis of the exposure‑response relationship could not be conducted for
lindane because of several limitations of the
literature, including variability in the definition
of NHL among studies, the small numbers of
exposed cases, and because of the differences in
cut-off points in the several published studies.

3.

Cancer in Experimental Animals

The Working Group has previously reviewed
and evaluated the carcinogenicity of hexachlorocyclohexane (HCH) and some of its isomers,
including lindane (γ-HCH), in experimental
animals (IARC, 1979b; 1987). The α-isomer and
technical-grade HCH were classified as having
sufficient evidence of carcinogenicity in experimental animals, and the β- and γ- (lindane)
isomers as having limited evidence of carcinogenicity in experimental animals. None of the
studies performed and reviewed in the early
and mid-seventies followed the current widely
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accepted study designs for carcinogenicity evaluations in experimental animals.
This Monograph revisits the studies that were
evaluated previously by the Working Group,
describes any updates, and provides details on
new studies published subsequently (see also
Table 3.1).

3.1 Mouse
Oral administration
Groups of 20 male ICR-JCL mice (age, 5
weeks) were fed diets containing lindane at a
concentration of 0 (control), 300, or 600 ppm for
26 weeks. Early mortality was noted in the group
at 600 ppm, with five animals dying during the
course of the study. This group also displayed
lower body weight increases than the controls. At
the end of the study, 10 animals per group were
killed for histological examination of the liver,
kidney, and heart. The incidence of tumours in
the liver was 5/10 in the group at 600 ppm (5/10
versus 0/10, [P < 0.02]). The tumours were defined
as benign hepatomas. No tumours were reported
in mice at the lowest dose or in the control group
(Goto et al. 1972) [The Working Group noted the
short duration of the study, the small number of
animals, and that the maximum tolerated dose
may have been exceeded (overt toxicity in the
group at the highest dose).]
Groups of 10–11 male and female dd strain
mice (age, 6 weeks), were fed diets containing
lindane [purity not reported] at a concentration
of 100, 300, or 600 ppm for 32 weeks, and the
surviving animals were killed between week 37
and 38 of the experiment. The control group
contained 21 males and 20 females (Hanada et al.,
1973). The incidence of hepatoma [not otherwise specified] was 0/14 (controls), 0/10, 0/9, 3/4
[P < 0.005] in males; and 0/15 (controls), 0/8, 0/7,
and 1/3 in females. [The Working Group noted
the short duration of the study, the small number
of animals, and that the maximum tolerated dose

Table 3.1 Studies of carcinogenicity in experimental animals fed diets containing lindane
Species, strain
(sex); age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Mouse, ICR-JCL
(M) ; age, 5 wk
26 wk
Goto et al. (1972)

Lindane (purity, NR) at a dietary
concentration of 0, 300, or 600 ppm
20/group

Liver
Benign hepatomas:
0/10, 0/10, 5/10*
*[P < 0.02, Fisher
1-tail]

Mouse, CF-1 (M);
age, 4 wk
110 wk
Thorpe & Walker
(1973)

Lindane (purity, 99.5%) at a dietary
concentration of 0, or 400 ppm
45, 29/group

Mouse, CF-1 (F);
age, 4 wk
110 wk
Thorpe & Walker
(1973)

Lindane (purity, 99.5%) at a dietary
concentration of 0, or 400 ppm
45, 30/group

Liver
Liver cell tumours (benign or
malignant, combined):
11/45 (24%), 27/29 *P < 0.01, Finney
(93%)*
2 × 2 tables
Liver
Liver cell tumours (benign or
malignant, combined):
10/44 (23%), 20/29 *P < 0.01, Finney
(69%)*
2 × 2 tables
Liver
Hepatoma [NOS]:
0/14, 0/10, 0/9, 3/4* [P < 0.005, Fisher
1-tail]

Mouse, dd (M); age,
6 wk
37–38 wk
Hanada et al. (1973)

Lindane (purity, NR) at a dietary
concentration of 0, 100, 300, or 600 ppm
for 32 wk followed by with basal diet for
5–6 wk
21 (control), 10–11 (treated)
Mouse, dd (F); age, Lindane (purity, NR) at a dietary
6 wk
concentration of 0, 100, 300, or 600 ppm
37–38 wk
for 32 wk followed by with basal diet for
Hanada et al. (1973) 5–6 wk
20 (control), 10–11 (treated)
Mouse, NMRI (M); Pulverized diet containing lindane
age, 5 wk
(purity, NR) at a dietary concentration of
80 wk
0, 12.5, 25, or 50 ppm
Herbst et al. (1975), 100, 50, 50, 50/group
Weisse & Herbst
(1977)

Liver
Hepatoma [NOS]:
0/15, 0/8, 0/7, 1/3
Liver
Adenoma:
4/97, 1/49, 0/48,
2/49

Significance

[NS]

NS

Comments

Limitations: small number of animals; short duration;
one sex only; MTD may have been exceeded. At the
end of the study, 10 animals per group were killed for
histological examination of the liver, kidney, and heart
Survival, 20, 20, 15
Strengths: covered most of the lifespan
Limitations: excessive mortality early in the study;
single dose; MTD may have been exceeded
Survival, 20, 5 (10% of mice died in first 3 mo of the
study)
Strengths: covered most of the lifespan
Limitations: excessive mortality early in the study;
single dose; MTD may have been exceeded
Survival, 14, 1 (20% of female animals died in first 3 mo
of the study)
Limitations: short duration; small number of animals;
MTD may have been exceeded
Survival, 14, 10, 9, 4 (high mortality in the group at the
highest dose)
Limitations: short duration; small number of animals;
MTD may have been exceeded
Survival, 15, 8, 7, 3 (high mortality in the group at the
highest dose)
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Strengths: strain with 2% background incidence of liver
tumours
Limitations: dose-selection criteria not given; the high
dose was below the MTD
The studies looked at six sites for tumours: liver, lung,
skin, ovary, lympho-haematopoietic system, and
uterus; none of the sites had increased incidences of
tumours compared with controls
Survival, NR

Species, strain
(sex); age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Significance

Mouse, NMRI (F);
age, 5 wk
80 wk
Herbst et al. (1975),
Weisse & Herbst
(1977)

Pulverized diet containing lindane
(purity, NR) at a dietary concentration of
0, 12.5, 25, or 50 ppm
100, 50, 50, 50/group

Liver
Adenoma:
1/98, 1/49, 0/49,
0/48

Mouse, B6C3F1
(M); age, 5 wk
90–91 wk
NTP (1977)

Lindane (purity, > 99.9%) at a dietary
concentration of 0 (matched controls), 0
(pooled controls), 80, or 160 ppm for 80
wk, followed by basal diet for 10 wk
10, 50, 50, 50/group

Mouse, B6C3F1 (F);
age, 5 wk
90–91 wk
NTP (1977)

Lindane (purity, > 99.9%) at a dietary
concentration of 0 (matched controls), 0
(pooled controls), 80, or 160 ppm for 80
wk, followed by basal diet for 10–11 wk
10, 50, 50, 50/group

Liver
Hepatocellular carcinoma:
2/10, 5/49, 19/49*,
*P = 0.001, Fisher
9/46
exact test vs
pooled controls
Liver
Neoplastic nodules or hepatocellular
carcinoma (combined):
3/10, 8/49, 19/49*,
*P = 0.010, Fisher
10/46
exact test vs
pooled controls
Liver
Hepatocellular carcinoma:
0/10, 2/47, 2/47,
NS compared
3/46
with matched or
pooled controls
Liver
Neoplastic nodules or hepatocellular
carcinoma (combined):
1/10, 3/47, 4/47,
NS compared
3/46
with matched or
pooled controls

NS

Comments

Strengths: used animal strain with 2% background
incidence of liver tumours
Limitations: dose selection criteria not given; the high
dose was below the MTD
The studies looked at six sites for tumours: liver, lung,
skin, ovary, lympho-haematopoietic system, and
uterus; none of the sites had increased incidences of
tumours compared with controls
Survival, NR
Strengths: covered most of the lifespan
Limitations: number of matched controls was small
Other comments: survival for treated and control
groups within each sex was similar. Controls were
pooled from four other contemporary studies to a total
of 50 mice for statistical analysis of the data; the study
was judged inadequate for the evaluation
No. of survivors, NR

Strengths: covered most of the lifespan
Limitations: number of matched controls was small
Other comments: survival for treated and control
groups within each sex was similar. Controls were
pooled from other four contemporary studies to a total
of 50 mice for statistical analysis of the data; the study
was judged inadequate for the evaluation
No. of survivors, NR
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Table 3.1 (continued)

Table 3.1 (continued)
Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Significance

Mouse, Obese
mottled yellow
Avy/a (YS × VY)
F1 hybrid (F); age,
4 wk
24 mo
Wolff et al. (1987)

Lindane (purity, NR) at a dietary
concentration of 0, or 160 ppm
96/group

Mouse, Lean
pseudoagouti
Avy/a (YS × VY)
F1 hybrid (F); age,
4 wk
24 mo
Wolff et al. (1987)

Lindane (purity, NR) at a dietary
concentration 0, or 160 ppm
96/group

Mouse, Lean black
a/a (YS × VY) F1
hybrid mice (F);
age, 4 wk
24 mo
Wolff et al. (1987)

Lindane (purity, NR) at a dietary
concentration of 0, or 160 ppm
96/group

Liver
Hepatocellular adenoma or carcinoma
(combined):
20/93, 49/94*
*[P < 0.0001,
Fisher exact test]
Hepatocellular adenoma:
8/93, 33/94*
*[P < 0.0001,
Fisher exact test]
Hepatocellular carcinoma
12/93, 16/94
[NS]
Lung
Bronchiolo-alveolar tumours:
4/95, 18/95*
*[P < 0.002, Fisher
exact test]
Liver
Hepatocellular adenoma or carcinoma
(combined):
7/95, 16/95*
*[P < 0.05, Fisher
exact test]
Hepatocellular adenoma:
5/95, 11/95
[NS]
Hepatocellular carcinoma:
2/95, 5/95
[NS]
Lung
Bronchiolo-alveolar tumours:
6/95, 13/94
[NS]
Liver
Hepatocellular adenoma or carcinoma
(combined):
9/96, 4/96
[NS]
Hepatocellular adenoma:
6/96, 3/96
[NS]

Comments

Strengths: covered most of the lifespan
Limitations: use of a single dose and one sex only
In a concurrent 18 mo-experiment with 36 mice per
group, hepatocellular adenomas developed in 12/36
treated mice vs 0/34 controls [P < 0.0001, Fisher exact
test]
Survival, NR

Strengths: covered most of the lifespan
Limitations: use of a single dose and one sex only
Survival, NR

Strengths: covered most of the lifespan
Limitations: use of a single dose, and one sex only
Survival, NR
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Species, strain
(sex); age at start
Duration
Reference

Species, strain
(sex); age at start
Duration
Reference

Mouse, Lean black
a/a (YS × VY) F1
hybrid mice (F);
age, 4 wk
24 mo
Wolff et al. (1987)
(cont.)
Mouse, Crl:CD1(ICR) BR (M); age,
38–44 days
78 wk
EPA (2001a, b)

Mouse, Crl:CD1(ICR) BR (F); age,
38–44 days
78 wk
EPA (2001a, b)

Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Significance

Comments

Hepatocellular carcinoma:
3/96, 1/96
[NS]
Lung
Bronchiolo-alveolar tumours:
2/96, 3/96
[NS]
Lindane (purity, 99.78%) at a dietary
concentration of 0 (control), 10, 40, or
160 ppm
50/group

Lindane (purity, 99.78%) at a dietary
concentration of 0 (control), 10, 40, or
160 ppm
50/group

Lung
Bronchiolo-alveolar adenoma:
16/49, 15/48, 11/49, Significant
8/48
negative trend
Bronchiolo-alveolar carcinoma:
0/49, 1/48, 3/49,
NS
0/48
Bronchiolo-alveolar adenoma or
carcinoma:(combined):
16/49, 16/48, 14/49, (Significant
8/48
negative trend)
Lung
Bronchiolo-alveolar adenoma:
3/48, 7/46, 7/47,
P = 0.0274,
11/48*
exact trend test;
*P = 0.0200,
Fisher exact test
Bronchiolo-alveolar carcinoma:
1/48, 2/46, 2/47,
NS
1/48
Bronchiolo-alveolar adenoma or
carcinoma (combined):
4/48, 8/46, 9/47,
P = 0.0389,
12/48*
exact trend test;
*P = 0.0264,
Fisher exact test

Strengths: adequate duration, GLP study
Incidences’ denominator excluded mice that died
before wk 44
Survival, 41, 34, 35, 38

Strengths: adequate duration; GLP study
Incidences’ denominator excludes mice that died
before wk 44; results of resectioning of lungs did not
significantly change initial findings and conclusion
Survival, 37, 31, 33, 40
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Table 3.1 (continued)

Table 3.1 (continued)
Species, strain
(sex); age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Rat, OsborneMendel (M); age,
5 wk
108–110 wk
NTP (1977)

Lindane (purity,100%) at a dietary
concentration of 0 (matched controls), 0
(pooled controls), 236, or 472 ppm TWA
for 80 wk, and followed by basal diet for
28–30 wk
10, 55, 50, 50/group

Spleen
Haemangioma:
0/8, 0/52, 0/44,
3/44

Rat, OsborneMendel (F); age,
5 wk
108–110 wk
NTP (1977)

Lindane (purity, 100%) at a dietary
concentration of 0 (matched controls), 0
(pooled controls), 135, or 270 ppm TWA
for 80 wk, and followed by basal diet for
28–30 wk
10, 55, 50, 50/group

Significance

Comments

P = 0.030,
CochranArmitage trend
test vs pooled
controls

Strengths: covered most of the lifespan
Limitations: reduction in dose levels during the course
of studies due to death among treated rats; small
number of matched controls
Other comments: controls were pooled from four other
contemporary cancer studies to a total of 55 rats for
statistical analysis; the study was judged inadequate for
the evaluation
Survival, NR

Thyroid
C-cell adenoma:
1/6, 2/42, 3/37, 1/37 NS
Liver
Liver neoplastic nodules:
0/10, 0/49, 3/45,
NS
2/45
Thyroid
C-cell adenoma:
0/8, 0/48, 4/44*,
*P = 0.049, Fisher
3/42
exact test vs
pooled controls
Pituitary gland
Chromophobe adenoma:
3/7, 6/46, 14/45*,
*P = 0.033, Fisher
8/45
exact test vs
pooled controls
Liver
Neoplastic nodules:
0/10, 1/49, 4/48,
NS
2/45

Strengths: covered most of the lifespan
Limitations: reduction in dose levels during the course
of studies due to death among treated rats; small
number of matched controls
Other comments: controls were pooled from four
other contemporary carcinogenicity studies to a total
of 55 rats for statistical analysis; the study was judged
inadequate for the evaluation
Survival, NR
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Species, strain
(sex); age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target
organ: incidence
(%) and/or
multiplicity of
tumours

Significance

Rat, Wistar (M);
age, NR
24 mo
EPA (2001b)

Lindane (purity, 99.78%) at a dietary
concentration of 0 (control), 1, 10, 100, or
400 ppm
50/group

Adrenal gland
Pheochromocytoma, benign:
14%, 16%, 16%,
NS (statistical
6%, 24%
tests, NR)
Pheochromocytoma, malignant:
0%, 0%, 6%, 8%,
NS (statistical
2%
tests, NR)
Pheochromocytoma, benign or
malignant (combined):
14%, 16%, 18%,
NS (statistical
14%, 26%
tests, NR)

Comments

Strengths: adequate duration
Limitations: limited study details
No significant increase in tumour incidence in treated
groups in the experiment with female rats with the
same study design (EPA, 2001b)
Survival, NR

F, female; GLP, good laboratory practice; M, male; mo, month; MTD, maximum tolerated dose; NR, not reported; NS, not significant; ppm, parts per million; TWA, time-weighted
average; vs, versus; wk, week
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Table 3.1 (continued)

Lindane
may have been exceeded (overt toxicity and high
mortality in the group at the highest dose).]
In a 2-year comparative study of oral toxicity
and carcinogenicity, groups of 29 male and 30
female CF1 mice (age, 4 weeks) were fed diets
containing lindane (purity, 99.5%) at 400 ppm for
110 weeks (Thorpe & Walker, 1973). The control
group of 45 males and 45 females received basal
diet only. During the first 3 months of the experiment, 10% of males and 20% of females died in
the treated group. At necropsy, the incidences of
benign or malignant (combined) tumours of the
liver were 93% in treated males (P < 0.01) and
69% in treated females (P < 0.01), compared with
24% and 23% in controls, respectively. Metastasis
of liver tumours to the lungs was observed in
some of the treated animals. [The Working
Group noted that the single dose tested may have
exceeded the maximum tolerated dose.]
Groups of 50 male and 50 female NMRI mice
(age, 5 weeks) were fed diets containing lindane
at a concentration of 12.5, 25, or 50 ppm for 80
weeks. The control group contained 100 males
and 100 females. No changes in body weight,
feed consumption, or mortality were observed in
the treated animals. There was no increase in the
incidence of neoplasms of the liver, lung, skin,
ovary, uterus, or lympho-haematopoietic system
in the treated groups (Herbst et al., 1975; Weisse
& Herbst, 1977). [The Working Group noted that
lindane was tested below the maximum tolerated
dose.]
Groups of 50 male and 50 female B6C3F1
mice (age, 5 weeks) were fed diets containing
lindane (purity, 100%) at a concentration of 80
or 160 ppm for 80 weeks, followed by an observation period of 10–11 weeks (NTP, 1977). The
respective control groups had only 10 matching
animals. For the statistical analysis, 10 control
animals each were used from four other contemporaneous studies conducted over a period of 1
year at the same laboratory; this “pooled” control
group consisted of a total of 50 animals. Survival
of males and females in the treated and control

groups was similar. Hepatocellular carcinomas
and neoplastic nodules of the liver were the most
frequent lesions observed in the controls and
in the treated groups. The incidence of hepatocellular carcinoma in males at the higher dose
(9/46) was not significantly different from that
of the pooled control group (5/49). However, the
incidence of hepatocellular carcinoma in males
at the lower dose was significantly higher than
that in the pooled controls (19/49, P = 0.001).
There was no significant increase in the incidence
of any tumour type in females. [The Working
Group noted that, because of the small number
of matched controls, pooled controls were used
for statistical analyses which limited the interpretation of the study. The study was judged
inadequate for evaluation.]
Lindane was studied in obese mottled yellow
vy
A /a, lean pseudoagouti Avy/a and lean black a/a
(YS × VY) F1 hybrid female mice (Wolff et al.,
1987). F1 hybrid mice were produced by mating
a/a YS females with Avy/a VY male mice. The
dominant mutation at the Avy locus in mice results
in two phenotypic groups, obese mottled yellow
and lean pseudoagouti, that are genetically identical but physiologically different. The hypothesis of the study was that these two phenotypes
represent different degrees of expression of this
mutation. To prove this hypothesis, the tumourigenic response to lindane of obese mottled yellow
Avy/a, lean pseudoagouti Avy/a, and the relatively
neoplasia-resistant black a/a (YS × VY) F1 hybrid
female mice were studied. The mice were given
diets containing lindane [purity unspecified] at a
concentration of 0 (control) or 160 ppm for 18 or
24 months before termination of the experiment.
Each of the three phenotypes had their respective controls and treated groups. The 18-month
and 24-month groups had 36 and 96 mice (age,
4 weeks) per group, respectively. At 18 months,
only treated obese yellow mice had a significant
increase [P < 0.0001] in the incidence of hepatocellular adenoma (controls, 0/34; treated, 12/36).
At 24 months, the incidences of hepatocellular
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tumours and lung bronchiolo-alveolar tumours
differed quantitatively among the three phenotypes. The incidences of hepatocellular adenoma
or carcinoma (combined) in the controls and
treated groups were, respectively: 20/93, 49/94
[P < 0.0001] in the obese yellow mice; and 7/95,
16/95 [P < 0.05] in the lean pseudoagouti mice.
In addition, lindane increased the incidence of
bronchiolo-alveolar tumours in obese yellow
(4/95, 18/95 [P < 0.002]) and lean pseudoagouti
(6/95, 13/94 [not significant]) mice. Bronchioloalveolar tumours observed in this study were
classified as either papillary or solid [and not
further classified]. The black mouse was resistant
to the induction of both hepatocellular and bronchiolo-alveolar tumours. [The Working Group
noted the use of a single dose in a study on
females only.]
In a study submitted to the EPA (2001a, b),
which was carried out according to good laboratory practice, groups of 50 male and 50 female
CD-1 mice (age, 38–44 days) were fed diets
containing lindane (purity, 99.78%) at a concentration of 0, 10, 40, or 160 ppm for 78 weeks
before termination of the experiment. There were
no significant differences in body weights and
survival between treated animals and controls.
In females at the highest dose, there were significant decreases in weights of the uterus plus
cervix. In female mice, there was a significant
positive trend in the incidence of bronchiolo-alveolar adenoma (P = 0.0274), and a significant
increase in incidence in the group at the highest
dose (P = 0.0200) compared with controls. There
was also a significant positive trend in the incidence (P = 0.0389), and a significant increase in
the incidence of bronchiolo-alveolar adenoma or
carcinoma (combined) at the highest dose group
(P = 0.0264) compared with controls. Results of
resectioning of lungs did not significantly change
the initial findings and conclusion. Lindane did
not increase the incidence of any tumour type in
treated males.

320

3.2 Rat
Oral administration
Groups of 50 male and 50 female OsborneMendel rats (age, 5 weeks) were fed diets
containing lindane (purity, 100%) at timeweighted average doses of 236 ppm (lower dose)
or 472 ppm (higher dose) in males, and 135 ppm
(lower dose) or 270 ppm (higher dose) in females
for 80 weeks (NTP, 1977). The matched controls
comprised 10 males and 10 females. The data from
45 untreated males and 45 untreated females
from four other similar ongoing cancer bioassays
in the same laboratory were pooled for the statistical analysis. Throughout the study, doses were
lowered for all groups of treated animals due to
mortality. All surviving animals were killed at
108–110 weeks. The incidences of thyroid C-cell
adenoma in males were 1/6 (matched controls),
2/42 (pooled controls), 3/37 (lower dose), and
1/37 (higher dose); and in females were 0/8, 0/48,
4/44 (P = 0.049, versus pooled controls) and
3/42. The incidences of spleen haemangioma
in males were 0/8, 0/52, 0/44, and 3/44, with a
significant positive trend (P = 0.030, compared
with pooled controls). The incidence of chromophobe adenoma of the pituitary gland in females
was 3/7, 6/46, 14/45 (P = 0.033, versus pooled
controls), and 8/45. The incidence of neoplastic
nodules of the liver was 0/10, 0/49, 3/45, and 2/45
in males, and 0/10, 1/49, 4/48, and 2/45 in females.
[The Working Group noted that dose levels were
changed during the course of the study, and that
because of the small number of matched controls,
pooled controls were used for statistical analyses,
which limited the interpretation of the study. The
study was judged inadequate for evaluation.]
In a study submitted to the EPA (2001b),
groups of 50 male and 50 female Wistar rats
[age not reported] were fed diets containing
lindane (purity, 99.78%) at a concentration of 0
(control), 1, 10, 100, or 400 ppm for 2 years. Final
body weights of males at the highest dose were

Lindane
significantly (P < 0.05) less than those of the
controls. Body weights and body-weight gains
for treated females were similar to those of the
controls throughout the study. The percentages
of males with tumours of the adrenal gland
were: 14%, 16%, 16%, 6%, and 24% for benign
tumours; and 0%, 0%, 6%, 8%, and 2% for malignant tumours, respectively. These incidences
were not significantly increased compared with
controls [statistical tests not reported]. There
was no significant increase in tumour incidence
in any group of treated females compared with
controls. [The Working Group noted the limited
reporting.]

4.

Mechanistic and Other
Relevant Data

4.1 Toxicokinetics
4.1.1 Humans
(a)

Absorption, distribution, and excretion

Lindane is a lipophilic compound that is
expected to be readily absorbed after exposure.
Absorption after inhalation has not been directly
measured experimentally in humans, but has
been inferred from body-burden measurements
of lindane from occupational exposures (e.g.
Baumann et al., 1980). While no experimental
studies of oral intake of lindane in humans were
available to the Working Group, uptake via
ingestion has been inferred from accidental or
intentional poisoning cases (e.g. Paul et al., 2013;
Ramabhatta et al., 2014). Dermal absorption has
also been demonstrated, but is dependent on the
vehicle in which the chemical is administered.
About 9% of the radiolabel was excreted in the
urine after administration of lindane dissolved in
acetone onto the forearm of healthy adult volunteers (Feldmann & Maibach, 1974). In a separate
study, absorption into the systemic circulation

after 6 hours was reported to be about 5% when
using acetone as the vehicle, and about 60% when
using white spirit (Dick et al., 1997). Dermal
absorption of lindane from contaminated soil
was measured to be in the range of 0.45–2.35%
after 24 hours, depending on organic carbon
content and soil loading (Duff & Kissel, 1996).
Lindane readily distributes throughout the
body via the systemic circulation, with a preference for lipid-rich tissues such as adipose, or the
brain (Baumann et al., 1980; Davies et al., 1983).
Lindane has also been found in breast milk and
umbilical cord blood, indicating lactational
and placental transport (Siddiqui et al., 1981).
Blood peak concentrations of lindane occurred
approximately 4–6 hours after dermal administration (Ginsburg et al., 1977; Lange et al., 1981).
Lindane is excreted mainly as metabolites in
the urine, with very little excreted unchanged.
Excretion terminal half-lives of 18–26 hours have
been reported in several studies in adults and/or
children (Feldmann & Maibach, 1974; Ginsburg
et al., 1977; Aks et al., 1995). A more recent study
of an ingestion overdose case estimated a longer
half-life of 163 hours (Wiles et al., 2015). One
study found that the elimination half-life, like the
absorption rate, depended on the vehicle, with a
shorter half-life of 25–58 hours with white spirit
as vehicle, and a longer half-life of 50–111 hours
with acetone (Dick et al., 1997). [The Working
Group noted that the half-life of β-HCH is much
longer, in the order of 7 years.]
(b)

Metabolism

No studies on the metabolism of lindane
in vivo in exposed humans were available to
the Working Group. Based on biomonitoring
of occupational exposures, numerous chlorophenols were identified in the urine of workers
exposed to lindane and other HCH isomers (Engst
et al., 1976a, b; Angerer et al., 1983). Specifically,
2-monochlorophenol, 3-monochlorophenol,
and 4-monochlorophenol; 2,3-dichlorophenol,
2,4-dichlorophenol, 2,6-dichlorophenol, and
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3,4-dichlorophenol;
2,4,6-trichlorophenol,
2,4,5-trichlorophenol, 2,3,4-trichlorophenol,
2,3,6-trichlorophenol, and 2,3,5-trichlorophenol;
and 2,3,4,6-tetrachlorophenol and 2,3,4,5-tetrachlorophenol were identified. The metabolites
2,4-dichlorophenol and 2,4,6-trichlorophenol,
2,3,5-trichlorophenol, and 2,4,5-trichlorophenol
were the most abundant metabolites in the urine,
accounting for > 70% of urinary chlorophenols
(Angerer et al., 1983). However, co-exposure to
dichlorobenzene may have contributed to some
of the dichlorophenol metabolites. One study in
workers exposed to HCH isomers reported that
several of the urinary metabolites were glucuronidated (Engst et al., 1976b). In a study in
children given lindane for the treatment of lice,
concentrations of 2,4,5- and 2,4,6-trichlorophenol and pentachlorophenol in the urine were
elevated, but not statistically significantly so, in
comparison to unexposed children, suggesting
significant background exposures (Naeher et al.,
2009).
In an experiment assessing the metabolism of
lindane with human liver microsomes in vitro,
six metabolites were reported: γ-1,2,3,4,5,6-hexachlorocyclohex-1-ene
(3,6/4,5-HCCH),
γ-1,3,4,5,6-pentachlorocyclohex-1-ene (3,6/4,5PCCH), β-1,3,4,5,6-pentachlorocyclohex-1-ene
(3,4,6/5-PCCH),
2,4,6-trichlorophenol
2,3,4,6-tetrachlorophenol, and pentachlorobenzene, the latter two of which were secondary
metabolites of 3,6/4,5-HCCH (Fitzloff et al., 1982).
The major pathways were through hexachlorocyclohex-1-ene and pentachlorocyclohex-1-ene,
with trichlorophenol accounting for a smaller
pathway. A separate experiment in human liver
microsomes reported 3,4,6/5-PCCH oxide as the
major product of 3,4,6/5-PCCH, with 17% of
the original 3,4,6/5-PCCH converted to 3,4,6/5PCCH oxide in 30 minutes (Fitzloff & Pan, 1984).
However, this epoxide was found to be stable and
not a substrate of epoxide hydrolase (Fitzloff &
Pan, 1984). Pentachlorophenol was reported as
one of the metabolites of lindane in some studies
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(Engst et al., 1976a, b), but not others (Angerer
et al., 1983).

4.1.2 Experimental systems
(a)

Absorption, distribution, and excretion

Lindane is readily absorbed by all species of
experimental animal tested. Although no studies
were available on the measurement of systemic
absorption of lindane after inhalation, based on
its lipophilicity, lindane would be expected to
be absorbed by this route. Radiolabel studies in
vivo with lindane in rats, rhesus monkeys, guinea-pigs, mice, pigs, and dogs have demonstrated
dermal absorption (Reifenrath et al., 1984; Moody
& Ritter, 1989; Franz et al., 1996), as have studies
in vitro (Chang et al., 1994). Lindane is rapidly
absorbed after ingestion, with between 30% and
62% reported to be absorbed after 30 minutes in
mice and rats (Turner & Shanks, 1980; Ahdaya
et al., 1981). In rats, the main route of entry
into systemic circulation was blood, with only a
small amount entering via the lymphatic system
(Turner & Shanks, 1980). In a mouse model,
cholestyramine reduced absorption of a single
oral dose of lindane that was otherwise acutely
toxic (Kassner et al., 1993).
After absorption, lindane and its metabolites are readily distributed to tissues via blood
circulation. Due to its lipophilicity, lindane is
preferentially stored in lipid-rich tissues such as
adipose, but has been detected in a wide range
of tissues, including the liver, brain, kidney,
adrenals, heart, lungs, spleen, and testis (Eichler
et al., 1983; Dalsenter et al., 1996; Siddiqui et al.,
1996; Khanna et al., 2002). In all cases, tissues
concentrations were higher than in the blood. In
one study in the brain, it was reported that lindane
preferentially concentrated in white matter as
opposed to grey matter, with higher concentrations in the thalamus, mid-brain, and pons-medulla (Sanfeliu et al., 1988). When administered
during or after pregnancy in rabbits and rats,
lindane transfer via the placenta to the fetus and
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via lactation to the neonate has been reported
(Khanna et al., 1991; Pompa et al., 1994; Seiler
et al., 1994; Dalsenter et al., 1997a).
Excretion of lindane occurs mainly through
metabolites in the urine, with very little excreted
unchanged or in the faeces (Chadwick et al., 1977,
1985; Ahdaya et al., 1981). Excretion appears
to be limited by metabolic transformation, as
increased body burden and reduced excretion
occurred in mice exposed to higher doses that
saturated biotransformation (Chadwick et al.,
1987).
(b)

Metabolism

The metabolism of lindane is complex and
involves multiple intermediates and metabolites.
Initial metabolism appears to be catalysed by
cytochrome P450 (CYP), as shown by activity
with rat liver microsomes (Fitzloff et al., 1982;
Yamamoto et al., 1983). More than 70 metabolites have been identified in mammalian systems
(Macholz & Kujawa, 1985). The ultimate fate of
these metabolites is formation of mercapturic
acid, glucuronide, or sulfate conjugates excreted
in the urine (ATSDR, 2005).
[The Working Group noted that many of the
metabolites of lindane, including trichlorophenols, may be biologically active (e.g. exhibit genotoxicity). However, there is a lack of adequate
quantitative data to be able to attribute any of
the observed effects of lindane to specific metabolites. Therefore, subsequent sections of the
present monograph did not include evaluation
of any data on metabolites of lindane.]
As with human liver microsomes, rat liver
microsomes converted the lindane metabolite
3,4,6/5-PCCH to an epoxide, but this compound
was found to be stable, with minimal further
metabolism by rat liver microsomes or by purified epoxide hydrolase (Fitzloff & Pan, 1984).
[The Working Group noted that the formation
of an epoxide, both in human and experimental
systems (albeit in vitro), provides evidence that
lindane may be metabolically activated to an

electrophile. Additionally, the stability of the
epoxide suggests the possibility that it may be
systemically available beyond the site of formation (presumably the liver).]

4.1.3 Modulation of metabolic enzymes
(a)

Humans

No studies in exposed humans were available
to the Working Group.
In a study in vitro, lindane (concentration, 25,
50, and 75 µM; exposure, 10 minutes to 18 hours)
aromatase activity was increased after 10 minutes
to 6 hours, but inhibited after 18 hours in human
placental JEG-3 and transfected kidney E293
cells. There were no effects on CYP19 mRNA, the
gene transcript coding for aromatase (NativelleSerpentini et al., 2003). Lindane induced the
mRNA expression of CYP2B6 (sevenfold), but
inhibited that of CYP2D6 (0.5-fold) and CYP2E1
(0.2-fold) in freshly isolated human hepatocytes
(Ellero et al., 2010).
(b)

Experimental systems

In CD-1 mice exposed to lindane in utero
(dams were dosed with 25 mg/kg bw on days 9–16
of gestation), CYP-dependent steroid hormone
metabolism was impaired in male offspring
(Di Consiglio et al., 2009). In the adult F1 mice,
CYP-mediated testosterone metabolism was
dramatically affected at postnatal days 65–69,
in the absence of systemic toxicity. During this
period, testosterone 6β- and 2α-hydroxylation
and dehydrogenation activities were strongly
reduced, suggesting the CYP3A and CYP2C
families as the major target of lindane-induced
effects. Most changes had almost reversed by postnatal day 100. No effects on aromatase (CYP19)
activity were seen. [These findings suggested an
impairment of steroid hormone homeostasis,
due to CYP-mediated disruption of testosterone
catabolism (Di Consiglio et al., 2009).]
Oral administration of lindane (2.5, 5, 10, or
15 mg/kg bw) for 5 days caused a dose-dependent
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increase in the activity of CYP-dependent
7-ethoxyresorufin-O-deethylase
(EROD),
7-pentoxyresorufin-O-dealkylase
(PROD),
and N-nitrosodimethylamine demethylase
(NDMA-d) in rat brain and liver (Parmar et al.,
2003). Hepatic and brain CYP activity was also
increased when the lowest dose (2.5 mg/kg) of
lindane was given for a longer duration (15 or 21
days). CYP induction was greater in liver than in
brain. Expression of CYP 1A1/1A2, 2B1/2B2 and
2E1 isoenzymes was increased by lindane. [The
Working Group noted that each of these enzymes
could affect the metabolism of other chemicals.]
Gastrointestinal nitroreductase activity was
increased in the small intestine in weanling F344
rats given lindane at a dose of 20 mg/kg bw daily
by gavage for 5 weeks (Chadwick et al., 1990).
Lindane had no effect on either nitroreductase or
dechlorinase enzyme activity in the caecum. [The
Working Group noted that increased nitroreductase may account for the previously reported
interaction between lindane and parathion.]

4.2 Mechanisms of carcinogenesis
4.2.1 Immunosuppression
(a)
(i)

Humans

Exposed humans
In comparison to an external control group of
20 clerks, 60 male workers in a factory producing
lindane had significantly elevated levels of polymorphonuclear leukocytes and reticulocytes
(Brassow et al., 1981). Significantly lower lymphocyte counts, prothrombin (Quick) test, and
blood creatinine and uric acid concentrations
were also seen in the factory workers. No other
significant differences were identified, including
in total erythrocytes and leukocytes, platelets,
or haemoglobin content, or from case history,
physical examination, neurological status, or
electrocardiography. [The Working Group noted
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that the design of this study was weak because of
the size and choice of control group.]
Nigam et al. studied 365 individuals exposed
to HCH (80% β-HCH) during its manufacture and compared them with 146 controls
(Nigam et al., 1993). Beta-globulins significantly
increased as total HCH increased. In representative samples, circulating immune complexes were
also detected. High concentrations of HCH were
reported in the serum of all exposed workers.
[The Working Group noted an apparent effect on
antibody production in exposed humans.]
Aplastic anaemia was reported in multiple
cases of lindane exposure, confirmed through
serum blood measurements (Rauch et al., 1990;
Rugman & Cosstick, 1990).
In addition to the studies suggesting modest
effects of HCH on the immune system of exposed
humans, two additional studies reported on
mixed exposures to HCHs and other polychlorinated compounds. A study of 146 workers exposed
primarily to PCBs for more than 6 months
reported only weak associations between immunological abnormalities and concentrations of
[α]-HCH, β-HCH, and [γ]-HCH (Daniel et al.,
2001). In a separate study, pyruvate metabolism
in peripheral blood lymphocytes was different
relative to controls for 36 workers occupationally exposed to polychlorinated pesticides
(Gammexane, DDT) (Hrycek et al., 1984). [The
Working Group noted that these changes were of
limited importance.]
Regarding related compounds, Dar et al.
reported significantly higher blood β-HCH
levels in patients with systemic lupus erythematosus than in healthy controls (Dar et al., 2012).
In the patients, HCH concentrations correlated with marked increases in CD3(+)CD4(+)
T-lymphocytes and decreases in CD4(+)CD25(+)
T-lymphocytes.

Lindane
(ii)

Human cells in vitro
In early studies, Fisher and Mueller reported
that γ-HCH inhibited the stimulation of
lymphocyte growth by phytohaemagglutinin
(Fisher & Mueller, 1971). Roux et al. confirmed
the finding that lindane inhibits lymphocyte
activation in studies in human peripheral blood
mononuclear cells (Roux et al., 1979). Lindane
(10−4 M) inhibited macromolecular biosynthesis
in unstimulated lymphocytes, phytohaemagglutinin-activated lymphocytes, and dividing blast
cells (Roux et al., 1979). Dar et al. (2012) corroborated this finding, reporting an inhibitory effect
of HCH after treatment in vitro of peripheral
blood mononuclear cells from patients with
systemic lupus erythematosus. Interleukin-2
(IL-2) and interferon gamma (IFNγ) levels were
decreased by HCH, while no effect was seen on
IL-4 levels in the patients (Dar et al., 2012).
[The Working Group noted that together
these studies show that lindane blocks lymphocyte activation in vitro, which is an immunosuppressive effect.]
Lindane was cytotoxic to human haematopoietic progenitor cells in vitro at concentrations
similar to serum concentrations in acute poisonings (Parent-Massin et al., 1994).
(b)

Experimental systems

Studies in multiple species show immunosuppressive effects with lindane and HCHs generally,
and accumulation of HCHs in lymphoid organs.
(i)

Non-human mammals in vivo

Mouse
Dose-dependent immunesuppressive effects
with lindane and HCHs were seen in mice. In
exposed albino mice, lindane suppressed both
primary and secondary humoral immune
responses in a time- and dose-dependent manner
(Banerjee et al., 1996). With shorter durations
of exposure, the secondary antibody response
to sheep erythrocytes was more markedly

suppressed than the primary response. A biphasic
effect on cell-mediated and humoral immune
responses was seen in mice exposed for 24 weeks
to subtoxic doses of γ-HCH (0.012, 0.12, and
1.2 mg/kg) and evaluated 1 month later (Meera
et al., 1992). Initial stimulation was followed by
dose-dependent immunosuppression, accompanied by histological changes in lymphoid organs.
No effect was seen on peritoneal macrophage
function. A second study showed that uptake
of 45Ca increased during the initial immunostimulation, and then decreased concomitantly
with immunosuppression in mice exposed to
γ-HCH (0.012, 0.12, and 1.2 mg/kg) for 4, 12,
and 24 weeks (Meera et al., 1993). Verapamil (a
calcium-channel blocker) and trifluoperazine
(a calmodulin inhibitor) inhibited lymphocyte
proliferation during both phases of immunomodulation. Das et al. (1990) showed that HCH (10
and 100 mg/kg bw) can modulate the developing
immune system in Swiss albino mice. HCH (α, β,
and γ isomers) residues in pups were higher in the
lymphoid organs than in the liver, and increased
with dose. The delayed hypersensitivity response
to sheep erythrocytes was significantly higher at
the lower dose, but significantly impaired at the
higher dose, compared with controls. The lower
dose elevated both the mitogenic responsiveness
of the spleen cells and the antibody response
to sheep erythrocytes, while no effect on either
measure was seen at the higher dose.
Rat
In rats, lindane and technical HCH
suppressed the humoral immune response
and were haematotoxic. Koner et al. demonstrated that subchronic lindane exposure in
rats suppressed the humoral immune response,
increased lipid peroxidation, and decreased antioxidant enzymes (Koner et al., 1998). Lindane
(40 and 80 ppm in the diet, for 8 weeks) markedly reduced anti-sheep erythrocyte antibody
titres, an effect attenuated by daily treatment
with ascorbic acid (100 mg/kg, intragastric). A
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suppressive effect of lindane on humoral immune
responses was also seen in weanling rats exposed
for 5 weeks (Dewan et al., 1980). The antibody
titres attained in response to typhoid vaccine
in untreated controls were significantly higher
than those in treated animals. Administration of
γ-HCH (20 mg/kg per day) for 30 days to ovariectomized rats significant changed the numbers of
erythrocytes, neutrophils, and lymphocytes, as
well as level of haemoglobin (see also Section
4.2.4) (Raizada et al., 1980). Joseph et al. (1992)
showed that the haematotoxicity of dietary HCH
(1000 ppm) in male albino rats is enhanced by
vitamin A (2000 or 105 international units/kg).
When vitamin A was absent from the diet, HCH
induced severe haematotoxicity, as demonstrated
by significantly reduced total leukocyte count,
clotting time, and prothrombin time. On the
other hand, the only indication of HCH-induced
haematotoxicity in rats that received vitamin A
supplements was a slight, significant decrease in
total leukocyte count.
Rabbit
Kopeć-Szlezak et al. (1990) reported functional changes in granulocytes and structural
changes in lymphocytes in the peripheral blood
of rabbits exposed for 30 days to lindane (daily
doses of 0.1 LD50, or 7 mg/kg). Lindane significantly decreased phagocytic activity, and
increased the number of non-phagocytizing
granulocytes. Quantitative and qualitative
changes were evident in the nucleoli and lysosomes of lymphocytes (Kopeć-Szlezak et al.,
1990). Grabarczyk et al. (1990) reported reduced
phagocytic activity of neutrophils, and increased
number of lymphocytes with inactive nucleoli.
(ii)

Non-human mammalian cells in vitro
Lindane caused concentration- and time-dependent cytotoxicity in C57BL/6 mouse splenocytes (Battaglia et al., 2010), and induced
apoptotic and necrotic cell death in C57BL/6
mouse thymocytes (Olgun et al., 2004). Mixtures
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of lindane with either malathion or permethrin
demonstrated a significantly greater than additive interaction in apoptotic and necrotic cells.
Lindane was cytotoxic to rat haematopoietic
progenitor cells, but at concentrations 1000-fold
those in human progenitors (Parent-Massin
et al., 1994).
(iii)

Non-mammalian systems

Fish
At sublethal concentrations, lindane altered
haematological parameters in the fish Etroplus
maculatus (Bijoy Nandan & Nimila, 2012).
Significant reductions were seen in erythrocyte
count, haemoglobin, and haematocrit (erythrocyte volume fraction) with corresponding
changes in mean corpuscular haemoglobin,
mean corpuscular volume, and mean corpuscular haemoglobin concentration. In contrast,
the leukocyte count) was significantly increased
(Bijoy Nandan & Nimila, 2012).
In tilapia, lindane (20 or 40 mg/kg, intraperitoneal administration, for five consecutive
days) decreased spleen and pronephros total leukocyte counts (Hart et al., 1997). Hypocellularity of
lymphoid regions in the spleen and pronephros
was also evident in fish exposed to lindane.
In rainbow trout, lindane (10, 50, or
100 mg/kg, intraperitoneal administration, for
5 days) affected antibody-secreting cells in a
dose-dependent fashion. As a result, antibody
production in sera, as demonstrated by agglutination, was suppressed (Dunier & Siwicki, 1994).
A second study reported effects on immune
function in rainbow trout exposed to lindane
by oral (daily body dose of 1 mg/kg for 30 days)
or intraperitoneal (10, 50, or 100 mg/kg) routes
(Dunier et al., 1994).
In a study in leukocytes of gilthead seabream
in vitro, lindane had no effect on cell viability,
and only slightly altered immunological parameters (e.g. phagocytosis); however, lindane
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upregulated genes related to the immune system
(Cuesta et al., 2008).
Birds
Haematological changes were induced by
lindane (5 mg/kg bw, twice in 1 week) in six
bird species: house sparrow, baya weaver bird,
common myna, rose-ringed parakeet, blue rock
pigeon, and domestic duck (Mandal et al., 1986).
Lindane induced anaemia, as demonstrated by
reductions in erythrocyte count, haematocrit
(erythrocyte volume fraction), and haemoglobin
content, and in mean corpuscular volume, mean
corpuscular haemoglobin, and mean corpuscular haemoglobin concentration. Prolonged
bleeding and clotting times were observed. In
most exposed birds, lindane also decreased
splenic cell counts with minimal increases in
splenic weight. Total leukocyte counts were
increased. The differential leukocyte count
revealed pronounced heterophilia and eosinophilia, with a decline in monocyte, lymphocyte
and basophil numbers.

4.2.2 Oxidative stress
(a)
(i)

Humans

Exposed humans
Markers of oxidative stress were increased
in human blood samples obtained from lindane
poisoning cases admitted to the Guru Teg
Bahadur Hospital, Delhi, India. Lipid peroxidation (thiobarbituric acid-reactive substances) and
the activities of superoxide dismutase, catalase,
glutathione peroxidase, glutathione-S-transferase and γ-glutamyltransferase were increased,
while glutathione levels decreased (Banerjee
et al., 1999).
In 30 cases of lindane poisoning, γ-glutamyltransferase activity in plasma and glutathione
levels in blood were significantly different from
controls, but neither was altered in lymphocytes
(Seth et al., 2001).

Maternal and cord blood levels of lindane
correlated with both intrauterine growth retardation and oxidative stress (Pathak et al., 2011).
Specifically, significant correlations were seen
with oxidized DNA (8-hydroxy-2′-deoxyguanosine), malondialehyde, and glutathione, as well as
protein carbonyl and the ferric reducing ability of
plasma. However, as total HCH levels were also
correlated with these effects, and considering
that the HCH levels are also inter-correlated, the
association could not be assigned specifically to
lindane. [The Working Group noted the limitations of this study for evaluating these effects.]
(ii)

Human cells in vitro
In human peripheral blood lymphocytes,
lindane increased the formation of reactive
oxygen species and decreased the mitochondrial
transmembrane potential, effects that are
likely to be responsible for caspase-3 activation
(Michałowicz et al., 2013).
At non-cytotoxic concentrations, lindane
synergistically increased hydrogen peroxide-induced DNA damage in human fibroblasts
(Lueken et al., 2004). In contrast, antagonism
was found when measuring DNA breakage in
isolated PM2 DNA.
In human HaCaT keratinocytes, lindane
increased the production of reactive oxygen
species as assessed with dichlorodihydrofluorescein diacetate. Pre-treatment with N-acetyl
cysteine markedly decreased lindane-induced
ERK1/2 phosphorylation, but did not affect Raf
or MEK1/2 activation by lindane (Ledirac et al.,
2005).
(b)

Experimental systems

Hepatic oxidative stress was induced by
lindane (30 mg/kg, oral administration) in
female Sprague-Dawley rats (Hassoun et al.,
1993). Lindane (300 mg/kg, intraperitoneal)
also induced oxidative stress in the liver of male
Wistar rats as assessed by assay for malondialdehyde, glutathione peroxidase, glutathione
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reductase, glucose-6-phosphate dehydrogenase,
glutathione-S-transferase,
γ-glutamyltransferase, catalase, and superoxide dismutase
(Anilakumar et al., 2009). In the rat heart, oral
administration of lindane (1.5 and 7 mg/kg
per day for 21 days) induced lipid peroxidation
(as measured by thiobarbituric acid-reactive
substances), increased superoxide dismutase and
catalase activities, and decreased glutathione
levels (Ananya et al., 2005).

4.2.3 Receptor-mediated effects
(a)
(i)

Humans

Exposed humans
In 54 men exposed occupationally to HCH
isomers during lindane production, testosterone
levels were lower than in 20 unexposed control
subjects (clerks of approximately the same age,
not otherwise specified), but this was not statistically significant at the P < 0.05 level (6.8 ± 2.2
versus 8.0 ± 2.9 ng/mL, mean ± standard deviation) (Tomczak et al., 1981). Luteinizing hormone
(LH) levels were significantly higher (P < 0.01) in
exposed men than in controls (9.6 ± 4.2 versus
6.1 ± 2.1 mIU/mL), consistent with reduced circulating testosterone levels. Follicle-stimulating
hormone levels were not different. Hormone
levels were measured by a radioimmunoassay
with excellent inter-assay variation values. Levels
of HCH isomers in the serum measured using an
unspecified method were 63.5 ± 45.1, 185 ± 150,
and 36.6 ± 40.6 µg/L for α-, β-, and γ-HCH,
respectively.
In a study of 304 men and 300 women from
an area in Brazil that was heavily polluted with
organochlorine pesticides, linear regression
analysis found a borderline significant inverse
association between testosterone and α-HCH
and β-HCH in the serum of the men; there was
no such association for γ-HCH (Freire et al.,
2014). When β-HCH levels were divided into
quartiles, a highly significant inverse association
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with testosterone levels was found with a P for
trend of < 0.001. No significant associations
were found between serum sex hormone and
HCH levels in premenopausal women (n = 210).
In peri-/postmenopausal women (n = 77), there
was a borderline significant association between
levels of LH and β-HCH, and a highly significant inverse association between levels of LH
and β-HCH across β-HCH quartiles (P = 0.008).
There were no significant associations between
levels of serum γ-HCH and LH.
(ii)

Human cells in vitro

Estrogen receptor-mediated effects
γ-HCH does not bind to the estrogen receptor
(ER) in cytosolic binding assays (Danzo, 1997) or
to ERα and ERβ in cells transfected with reporter
vectors (Lemaire et al., 2006). Yeast-based assays
yielded mixed results (Lee et al., 2002; Dhooge
et al., 2006), while no binding was seen with
recombinant ERs (Scippo et al., 2004). Consistent
with these observations, γ-HCH does not have
estrogenic effects on ER-positive human MCF-7
breast cancer cells (Soto et al., 1995; Briz et al.,
2011). [In vivo, the effects of γ-HCH may be
complex and display non-linear dose–response
relationships based on studies in rats, but no data
were available for humans or human cells.]
Estrogen is formed in humans and other
mammals by the enzyme aromatase. γ-HCH at
concentrations of 25–75 µM inhibited aromatase
enzyme activity, but not mRNA expression in
human placental JEG-3 cells and human embryonal kidney E293 cells stably transfected with the
aromatase gene; proliferation of these cells in the
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay was not affected
by γ-HCH (Nativelle-Serpentini et al., 2003).
Androgen receptor-mediated effects
γ-HCH (and δ-HCH) inhibited binding of
radiolabelled 5α-dihydrotestosterone (DHT) to
the androgen receptor and human sex hormonebinding globulin in vitro (Danzo, 1997).
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Consistent with this finding, γ-HCH inhibited
the growth of LNCaP human prostate cancer cells
expressing androgen receptor by 20–30% over
72 hours at concentrations of 1 µM and higher,
which may be associated with the presence of ERβ
(Maranghi et al., 2007). However, γ-HCH did
not activate or inhibit human androgen receptor
transfected into PC-3 human prostate cancer
cells or Chinese hamster ovarian cells with a
reporter construct under transcriptional control
of an androgen-responsive promoter (Schrader
& Cooke, 2000; Roy et al., 2004). β-HCH did
not have effects in this system, but α-HCH had
clear anti-androgenic effects (Roy et al., 2004;
Pavlíková et al., 2012).
Other receptor-mediated effects
γ-HCH has negligible binding affinity to
the human progesterone receptor (Scippo et al.,
2004), but inhibited progesterone-receptor transactivation by progesterone in a yeast system in
a dose-dependent fashion, being significant at
a concentration of 1 µM and above (Jin et al.,
1997). γ-HCH at a concentration of 10 µM transactivated the human pregnane X receptor (PXR)
and induced the protein expression of CYP3A4
and CAYP2B6, both of which are regulated by
PXR (Lemaire et al., 2004).
To
examine
human
adrenocortical
NCI-H295R cells as a possible system in vitro
for the assessment of adrenal disruption using
molecular end-points, lindane was used as
positive control. γ-HCH reduced the secretion
of cortisol, in addition to downregulating the
expression of several steroidogenic enzymes,
and blocking the activation of the steroidogenic
acute regulatory protein (StAR) gene promoter
(Oskarsson et al., 2006).

(b)

Experimental systems

(i)

Non-human mammals in vivo

Estrogen receptor-mediated effects
Several rodent experiments using substantial γ-HCH doses reported effects in vivo on
ER-related end-points, such as the development
of the mouse female genital tract. Differences in
outcome were evident across species, and other
aspects of experimental design. A daily gavage
dose of γ-HCH (10 mg/kg) increased circulating
17β-estradiol (E2) in young adult female F344
rats, whereas there was no such effect was seen at
20 mg/kg, and E2 was decreased at 40 mg/kg. LH
levels as well as uterine weight were decreased
at both higher doses (Cooper et al., 1989). In
prepubertal Sprague-Dawley rats given seven
daily intraperitoneal injections of γ-HCH at a
dose of 15 mg/kg, the uterine-weight response to
estrone treatment was decreased, and uptake of
radiolabelled estrone was reduced (Welch et al.,
1971). Treatment of prepubertal female F344
rats with γ-HCH at 30 mg/kg per day for 7 days
also decreased the uterine-weight response to E2
and sharply reduced the E2-induced increase in
serum LH (Cooper et al., 1989). Administration
of γ-HCH (20 mg/kg per day) for 30 days to
ovariectomized rats slightly reduced the estrogen-induced weight increase in tissues of the
female genital tract, and caused significant
changes in numbers of erythrocytes, neutrophils,
and lymphocytes, as well as levels of haemoglobin (see also Section 4.2.4) (Raizada et al.,
1980). Blunting of the uterine-weight response to
E2 was also found in prepubertal Long Evans rats
treated with γ-HCH at a daily dose of 40 mg/kg,
but induction of the uterine progesterone receptor
and nuclear redistribution of ER induced by E2
were not affected by γ-HCH (Laws et al., 1994).
Similarly, in ovariectomized young adult Long
Evans rats, progesterone-receptor induction in
the uterus and pituitary gland was not affected
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by γ-HCH at doses up to 40 mg/kg per day (Laws
et al., 1994).
In contrast, prenatal treatment of pregnant
CD-1 mice with γ-HCH at a daily oral dose of
15 mg/kg given on days 9–16 of gestation, age
at vaginal opening of the female offspring was
reduced by 2 days and uterine weight at postnatal
day 22 was increased by about 15%, an effect
that was no longer present at postnatal day 22
(Maranghi et al., 2007).
Aromatase activity in hepatic microsomes
of female mice that had been exposed to γ-HCH
(15 mg/kg per day) during pregnancy or in utero
was not altered 22 days after parturition or birth
(Maranghi et al., 2007).
Androgen receptor-mediated effects
In males, lindane caused an impairment of steroid hormone homeostasis, due to
CYP-mediated disruption of testosterone catabolism. In particular, γ-HCH inhibited cytosolic
5α-dihydrotestosterone‑androgen receptor
(DHT-AR) complex formation in the prostate of
F344 rats treated for 7 days at a dose of 60 mg/kg
(Simić et al., 1991). There are also reports of inhibition in vivo by lindane (4–8 mg/kg per day
by gavage for 30–45 days) of the activity of the
androgen biosynthetic enzymes 3-hydroxysteroid dehydrogenase and 17-hydroxysteroid
dehydrogenase in adult rat testes, and reduction
of weights of testes, ventral prostate, and seminal
vesicles, and of serum testosterone (by 29–44%)
(Chowdhury & Gautam, 1994; Sujatha et al., 2001).
Prenatal exposure of pregnant female Wistar
rats to γ-HCH (30 mg/kg on day 15 of gestation)
resulted in a 43% reduction in serum testosterone
in male offspring aged 7 months (Dalsenter et al.,
1997b). Prenatal exposure of pregnant female
CD-1 mice to γ-HCH (25 mg/kg per day on days
9–16 of gestation) resulted in the impairment
of androgen catabolism in pubertal and young
adult male offspring (Di Consiglio et al., 2009).
The impact of treatment with γ-HCH on the
activity of hepatic CYP-mediated testosterone
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hydroxylase, aromatase, and other testicular
parameters was tested at multiple time-points
considered critical for the sexual maturation of
CD-1 mice (postnatal days 50, 65–69, and 100).
On postnatal days 65–69, significant changes to
testis weight and spermatid number as well as
CYP-mediated changes in testosterone metabolism were observed in the adult F1 mice without
evidence of systemic toxicity. Activities of testosterone 6β- and 2α-hydroxylation and dehydrogenation were most strongly reduced during this
period, suggesting the CYP3A and CYP2C families as the major target of lindane-induced effects.
Most changes had almost recovered by postnatal
day 100. No effects on aromatase activity were
seen.
(ii)

Non-human mammalian cells in vitro
In rat pituitary tumour cells (MtT/E-2) that
are estrogen responsive, estrogenic effects of
lindane (γ-HCH) (growth stimulation and ER
binding and transcriptional activation) have
been reported, but only at concentrations of
100 µM, not at 10 µM and below (Maruyama
et al., 1999). Anti-estrogenic effects of γ-HCH
(10–30 µM) have been reported for several molecular end-points (activation of Akt and ERK 1/2)
and downregulation of ERα, but not ERβ, in
primary neuronal cells derived from NMRI mice
(Briz et al., 2011).
Using endothelial cell proliferation and
thymidine incorporation, wound healing,
ascites formation and secretion, chorio-allantoic
membrane formation, and an assay for neovascularization in vivo in male mice, lindane was
shown to be a potent angiogenesis stimulator
(Clere et al., 2012; Bharathi et al., 2013), and
neovascularization in male Swiss mice was
prevented by silencing of ERα expression (Clere
et al., 2012).
γ-HCH (δ-HCH) inhibited binding of
radiolabelled DHT in vitro to the rat prostate
androgen receptor, but not to rat epididymal
androgen binding protein (Danzo, 1997). γ-HCH

Lindane
stimulated testosterone production and proliferation of rat Leydig cells in vitro at concentrations
up to 10 µg/mL, effects that disappeared at higher
concentrations (Ronco et al., 2001). It strongly
counteracted the stimulatory effect of human
chorionic gonadotropin on testosterone production by these cells at concentrations of 10 µg/mL
and higher, probably via a decrease in cAMP
production (Ronco et al., 2001). Inhibition of
progesterone biosynthesis by α-, δ-, and γ-HCH
at high (50 µM) concentrations was found in a
mouse Leydig tumour cell line (Walsh & Stocco,
2000).

4.2.4 Genotoxicity and related effects
Lindane has been studied in a variety of
assays for genotoxic and related potential.
Tables 4.1–4.4 summarize the studies carried out
in humans in vivo and in vitro, in experimental
animals in vivo, in mammals in vitro, and in
non-mammalian systems both in vitro and in
vivo, respectively.
(a)

Humans

(i)

Exposed humans
No data in exposed humans were available to
the Working Group. The relationship between Yq
microdeletion in patients with normal karyotype
and level of total HCH and its isomers α-HCH,
β-HCH and γ-HCH in semen was studied (Khan
et al., 2010). No effect was observed with lindane.
(ii)

Human cells in vitro
See Table 4.1
No induction of DNA damage measured by
DNA-adduct detection was observed after treatment of HepG2 hepatocarcinoma cells line with
γ-HCH in vitro (Dubois et al., 1997). Effects were
seen in rat cells, as described below. Similarly,
negative results were found by the unscheduled
DNA synthesis (UDS) assay in the VA-4 cell line
after exposure to γ-HCH (Ahmed et al., 1977).

Regarding DNA strand breaks and other
types of DNA damage, positive results were found
in many but not all cell types. Induction of DNA
strand breaks was detected by radioactive labelling of the 5′ broken ends of exposed total leukocytes to lindane (analytical grade) (Sreekumaran
Nair et al., 2002). Induction of DNA damage
as measured by the comet assay was observed
after treatment with γ-HCH in MCL-5 metabolically competent cell line (Martin et al., 1999).
Furthermore, a higher level of DNA damage was
achieved in the presence of inhibitors of DNA
repair. Results indicate that γ-HCH-induced
DNA lesions are repaired by nucleotide excision
repair (Martin et al., 1999). An increase in the
frequency of DNA breaks as determined by the
comet assay after lindane treatment was observed
in nasal mucosal cells (Pool-Zobel et al., 1994);
however, negative results were found in isolated
lymphocytes (Pool-Zobel et al., 1993) and in
gastric mucosa cells (Pool-Zobel et al., 1994).
Induction of chromosomal damage estimated
by the frequency of micronucleus formation was
observed after treatment with γ-HCH in MCF-7
cells (Kalantzi et al., 2004; Hewitt et al., 2007).
An increase in the frequency of chromosomal
aberration (gap not included) and sister-chromatid exchange was observed after 72 hours of
treatment with γ-HCH in human lymphocytes
cultured without S9 microsomal fraction (Rupa
et al., 1989).
(b)

Experimental systems

(i)

Non-human mammals in vivo
See Table 4.2
In HPB black mice analysed after a single
intraperitoneal treatment, binding of γ-HCH to
DNA occurred only at very low levels (Iverson
et al., 1984). An increase in the frequency of
micronucleus formation was observed in the
bone marrow of Park male mice treated with an
intraperitoneal dose of γ-HCH (Yaduvanshi et al.,
2012). On the other hand, no induction of micronucleus formation was observed in bone marrow
331

Tissue, cell line

End-point

HepG2 hepatocarcinoma
cell line
Leukocytes

DNA damage

MCL-5 metabolically
competent lymphoblastoid
cell line
Nasal mucosa cells

DNA damage

Isolated lymphocytes

DNA damage

Gastric mucosa cells

DNA damage

VA-4 cell line
Lymphocytes

DNA damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

MCF-7 mammary
carcinoma cell line
MCF-7 mammary
carcinoma cell line
Lymphocytes

DNA damage

DNA damage

Test

Resultsa

Comments

Reference

Without
metabolic
activation

With
metabolic
activation

DNA-adduct
32P-postlabelling
DNA strand breaks
radioactive labelling
assay
DNA strand break
Comet assay

–

NT

50 μM

+

NT

20 μg/mL

+

NT

1.56 mM

Martin et al. (1999)

DNA strand break
Comet assay
DNA strand break
Comet assay
DNA strand break
Comet assay
UDS assay
Chromosomal
aberrations
Micronucleus
induction
Micronucleus
induction
Sister-chromatid
exchanges

+

NT

0.03 mM

–

NT

0.1 mM

–

NT

1 mM

–
+

–
NT

1000 μM
0.05 μg/mL

Pool-Zobel et al.
(1994)
Pool-Zobel et al.
(1993)
Pool-Zobel et al.
(1994)
Ahmed et al. (1977)
Rupa et al. (1989)

+

NT

1 × 10−12 M

Hewitt et al. (2007)

+

NT

1 × 10−12 M

Kalantzi et al. (2004)

+

NT

0.1 μg/mL

Rupa et al. (1989)

+, positive result; –, negative result
HID, highest ineffective dose; LED, lowest effective dose; NT, not tested; UDS, unscheduled DNA synthesis
a

Concentration
(LED or HID)

Dubois et al. (1997)
Analytical
grade lindane

Sreekumaran Nair
et al. (2002)
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Table 4.1 Genetic and related effects of lindane (γ-HCH) in human cells in vitro

Table 4.2 Genetic and related effects of lindane (γ-HCH) in non-human mammals in vivo
Species,
strain, sex

Tissue

End-point

Test

Resultsa

Dose
(LED or
HID)

Route, duration,
dosing regimen

Comments

Reference

Mouse, HPB
black
Mouse,
Swiss albino,
male
Mouse,
Swiss albino

Hepatic cells

DNA damage

DNA binding

+

25 mg/kg

i.p. × 1
p.o.
continuously × 4–8 mo

Formulation (not
specified)

Iverson et al.
(1984)
Lakkad et al.
(1982)

Germ cells

Chromosomal
damage

Dominant lethal
mutation

+

500 ppm

Bone marrow

Chromosomal
damage

Chromosomal
aberration

+

1.6 mg/kg

gastric × 1 × 7 days

Formulation (not
specified; 20%
γ-HCH)

Mouse, Park, Bone marrow
male
Mouse,
Bone marrow
NMRI
Mouse,
Testicle cells
CD-1

Chromosomal
damage
Chromosomal
damage
Fertility

Rat,
SpragueDawley
Rat,
SpragueDawley
Rat,
SpragueDawley
Rat,
SpragueDawley
Rat ,
SpragueDawley
Rat

Hepatic cells

DNA damage

Nasal mucosa
cells

DNA damage

Gastric cells

DNA damage

Colonic mucous
membrane cells

DNA damage

Isolated
lymphocytes

DNA damage

Bone marrow

Chromosomal
damage

Micronucleus
induction
Micronucleus
induction
Chromatin
abnormalities
DNA content
DNA strand
break
Alkaline elution
DNA strand
break
Comet assay
DNA strand
break
Comet assay
DNA strand
break
Comet assay
DNA strand
break
Comet assay
Chromosomal
aberration

+

35 mg/kg

i.p. × 1

–

70 mg/kg

p.o. × 1

+

25 mg/kg

p.o. × 1 on days 9–16 of Exposure in utero
gestation

+

30 mg/kg

p.o. × 1

Hassoun et al.
(1993)

+

200 μg/kg

p.o. × 1

Pool-Zobel et al.
(1993)

(−)

60 mg/kg

p.o. × 1

[two animals not
clearly reported]

Pool-Zobel et al.
(1993)

(+)

60 mg/kg

p.o. × 1

[two animals not
clearly reported]

Pool-Zobel et al.
(1993)

(−)

60 mg/kg

p.o. × 1

[two animals not
clearly reported]

Pool-Zobel et al.
(1993)

−

15 mg/kg

p.o. × 12 wk

Kumar et al.
(1995)
Yaduvanshi et al.
(2012)
Pool-Zobel et al.
(1993)
Traina et al.
(2003)

Gencik (1977)

Lindane
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Species,
strain, sex

Tissue

End-point

Test

Resultsa

Dose
(LED or
HID)

Route, duration,
dosing regimen

Rat ,
SpragueDawley
Rat, Wistar
male
Rat, Wistar
male
Hamster,
Chinese
Hamster,
Chinese

Bone marrow

Chromosomal
damage

Micronucleus
induction

−

60 mg/kg

p.o. × 1

Bone marrow

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

Micronucleus
induction
Micronucleus
induction
Micronucleus
induction
Sister-chromatid
exchange

−

100 mg/kg p.o. × 4 wk

Etim et al. (2006)

+

300 mg/kg i.p. × 1

−

120 mg/kg p.o. × 1

−

120 mg/kg p.o. × 1

Anilakumar et al.
(2009)
Pool-Zobel et al.
(1993)
Pool-Zobel et al.
(1993)

Bone marrow
Bone marrow
Bone marrow

Comments

Reference

Pool-Zobel et al.
(1993)

+, positive result; –, negative result; +/–, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative in a study of limited quality
HCH, hexachlorocyclohexane; HID, highest ineffective dose; i.p., intraperitoneal; LED, lowest effective dose; mo, month; NT, not tested; p.o., oral administration; wk, week
a
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Table 4.2 (continued)

Lindane
cells of NMRI mice after a single oral treatment
with γ-HCH (Pool-Zobel et al., 1993). In the male
offspring of female CD-1 mice treated in utero
with γ-HCH from day 9 to day 16 of gestation,
alterations in the DNA content (possibly attributable to DNA strand breaks) of testicle cells was
observed (Traina et al., 2003).
In Sprague-Dawley rats treated orally with
γ-HCH, DNA damage evaluated by the alkaline
elution assay gave positive results in hepatocytes
(Hassoun et al., 1993). When DNA damage was
evaluated by comet assay, positive results were
found in the nasal mucosa of Sprague-Dawley
rats treated orally (Pool-Zobel et al., 1993), while
results were inconclusive for gastric and colonic
mucous membrane cells as well in isolated
lymphocytes in the same treated animals (PoolZobel et al., 1993). No induction of chromosomal
aberration was observed in the bone marrow cells
of rats exposed orally to γ-HCH for 12 weeks
(Gencik, 1977). While induction of micronucleus
formation was reported in bone marrow cells of
Wistar male rats after a single intraperitoneal
treatment with γ-HCH (Anilakumar et al., 2009),
no such effect was reported after oral exposure to
γ-HCH, regardless of the treatment period (PoolZobel et al., 1993; Etim et al., 2006).
Neither induction of micronucleus formation
nor sister-chromatid exchange was observed in
bone marrow cells from Chinese hamsters treated
orally with γ-HCH (Pool-Zobel et al., 1993).
In several studies, a causative effect of lindane
alone could not be demonstrated because the
exposure was to a mixture. Induction of DNA
damage estimated by the increased frequency
of chromosomal aberration was observed in the
bone marrow cells of Swiss albino mice after
gastric treatment with technical-grade HCH
(γ-HCH, 20%) for up to 7 days (Kumar et al.,
1995). The dominant-lethal assay gave positive
results for DNA damage in the germ cells of
Swiss albino males continuously exposed orally
to technical-grade HCH for 4–8 months (Lakkad
et al., 1982).

(ii)

Non-human mammalian cells in vitro
See Table 4.3
γ-HCH gave negative results in two studies
in Chinese hamster ovary and V79 cells. In the
hypoxanthine-guanine phosphoribosyl-transferase (Hgprt) or sister-chromatid exchange
assays, negative results were reported for
γ-HCH either in the presence or absence of a S9
microsomal fraction (Pool-Zobel et al., 1993).
Interaction of lindane with the DNA of hepatic
cells in HPB black mice was analysed in vitro
after treatment with γ-HCH. Positive results were
observed for γ-HCH either in the presence or in
the absence of S9 metabolic fraction (Iverson
et al., 1984).
In fetal rat hepatocytes, an increase in the
frequency of DNA adducts was observed using
32P post-labelling after treatment in vitro with
γ-HCH (Dubois et al., 1997). The comet assay also
gave positive results in gastric mucosa and nasal
mucosa cells of Sprague-Dawley rats exposed
to γ-HCH in vitro (Pool-Zobel et al., 1994). On
the other hand, negative results were previously
reported for the same end-point and by the same
research group for γ-HCH-exposed cells (PoolZobel et al., 1993). The comet assay gave negative
results in Sprague-Dawley rat primary hepatocytes exposed to γ-HCH (Pool-Zobel et al., 1993).
(iii)

Non-mammalian systems
See Table 4.4
The frequency of DNA adduct formation was
increased by treatment with γ-HCH in embryonic cells from the quail Coturnix coturnix
(Dubois et al., 1997).
Treatment with γ-HCH caused DNA damage
in the haemocytes of Pacific oyster Crassostrea
gigas, as determined by the comet assay
(Anguiano et al., 2007). Lindane did not induce
micronucleus formation in haemocytes from the
Mediterranean mussel Mytilus galloprovincialis
after 15 days of exposure (Raftopoulou et al.,
2006).
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Species,
strain

Tissue, cell
line

Mouse, HPB Hepatic cells
black
Rat
Fetal
hepatocytes
Rat,
Gastric
Spraguemucosa cells
Dawley
Rat,
Nasal mucosa
Spraguecells
Dawley
Rat,
Gastric
Spraguemucosa cells
Dawley
Rat,
Primary
Spraguehepatocytes
Dawley
Hamster,
CHO cells
Chinese
Hamster,
CHO cells
Chinese

End-point

Test

Resultsa
Without
metabolic
activation

With
metabolic
activation

Concentration Comments
(LEC or HIC)

Reference

Iverson et al.
(1984)
Dubois et al.
(1997)
Pool-Zobel et al.
(1994)

DNA damage

DNA binding

+

+

1 µM

DNA damage

+

NT

50 μM

+

NT

0.125 mM

+

NT

0.5 mM

Pool-Zobel et al.
(1994)

–

NT

0.1 mM

Pool-Zobel et al.
(1993)

–

NT

0.1 mM

Pool-Zobel et al.
(1993)

Mutation

DNA adduct-32Ppostlabelling
DNA strand
breaks, comet
assay
DNA strand
breaks, comet
assay
DNA strand
breaks, comet
assay
DNA strand
breaks, comet
assay
Hprt assay

–

–

300 mM

Chromosomal
damage

Sister-chromatid
exchange

–

–

300 mM

Pool-Zobel et al.
(1993)
Pool-Zobel et al.
(1993)

DNA damage
DNA damage
DNA damage
DNA damage

Positive results for 3
out of the 4 rats tested

+, positive result; –, negative result; ±, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative result in a study of limited quality
CHO, Chinese hamster ovary; HCH, HCH, hexachlorocyclohexane; HIC, highest ineffective concentration; LEC, lowest effective concentration, NT, not tested
a
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Table 4.3 Genetic and related effects of lindane (γHCH) in non-human mammalian cells in vitro

Table 4.4 Genetic and related effects of lindane (γ-HCH) in non-mammalian systems
Phylogenetic
class

Species, strain,
tissue

End-point

Bird

Quail, Coturnix
coturnix japonica,
embryonic cells
Pacific oyster,
Crassostrea gigas
Mediterranean
mussel, Mytilus
galloprovincialis

DNA damage
DNA damage

Mollusc

Drosophila
melanogaster,
Oregon-R strain
Drosophila
melanogaster,
Oregon-R strain
Plant systems Onion, Allium cepa
Insect

Onion, Allium cepa
Lower
eukaryote
(yeast)

Saccharomyces
cerevisiae
Saccharomyces
cerevisiae, D61.M
Saccharomyces
cerevisiae, D61.M

Test

Resultsa

Concentration
(LEC or HIC)

Comments

Reference

Without
metabolic
activation

With
metabolic
activation

DNA-adduct
32P-postlabelling

+

NA

50 μM

Comet assay

+

NA

0.7 mg/L

Chromosomal Micronucleus
damage
induction

–

NA

0.03 mg/L

Mutation

X-chromosomelinked recessive
lethal
Mutation
Lethal mutation
expressed as
larval hatchability
Chromosomal Chromosomal
damage
aberrations
Chromosomal Chromosomal
damage
aberrations

+

NA

+

NA

+

NA

+

NA

5.0 μg/L
in feeding
solution
20.0 μg/L
in feeding
solution
Saturated
water solution
9.0 mg/L

Mutation

–

NT

NR

Fahrig (1974)

–

NT

0.170 mM

Albertini et al.
(1988)

–

NT

0.170 mM

Albertini et al.
(1988)

Mitotic gene
conversion
Mutation
Mitotic
recombination
and mutation
Chromosomal Aneuploidy,
damage
chromosomal loss
assay

Dubois et al.
(1997)
Haemocytes
exposed to γ-HCH
Exposure for 15
days with change
of xenobiotic every
2 days
Formulation (not
specified; 20%
γ-HCH)
Formulation (not
specified; 20%
γ-HCH)

Anguiano et al.
(2007)
Raftopoulou et al.
(2006)
Kumar et al.
(1995)
Kumar et al.
(1995)
Hervás (1976)

Formulation (not
specified; 20%
γ-HCH)

Kumar et al.
(1995)

Lindane
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Phylogenetic
class

Species, strain,
tissue

End-point

Prokaryote
(bacteria)

Salmonella
typhimurium, TA98,
TA100, and TA102,
Salmonella
typhimurium, TA98

Mutation

Bacillus subtilis, M45
Rec-, H17 Rec+

Test

Resultsa

Concentration
(LEC or HIC)

Without
metabolic
activation

With
metabolic
activation

Reverse mutation

+

+

5 μg/plate

Mutation

Reverse mutation

–

(+)

50 μg/plate

Mutation

Rec assay,
differential
toxicity

–

NT

NR

Comments

Reference

Yaduvanshi et al.
(2012)
Positive results in
two out of three
experiments
Mixture of α-, β-,
γ-HCH

Gopalaswamy &
Aiyar (1986)
Shirasu et al.
(1976)

+, positive result; –, negative result; ±, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative result in a study of limited quality
HCH, hexachlorocyclohexane; HIC, highest ineffective concentration; LEC, lowest effective concentration; NA, not applicable; NR, not reported; NT, not tested
a
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Table 4.4 (continued)

Lindane
In Drosophila melanogaster, mutagenicity was
observed using the X-chromosome-linked recessive-lethal assay after exposure to a formulation
containing 20% γ-HCH (Kumar et al., 1995).
γ-HCH was not mutagenic in Saccharomyces
cerevisiae (strain not specified) using a mitotic
gene-conversion assay in the absence of a microsomal S9 fraction (Fahrig, 1974) as well as in
S. cerevisiae D61.M in the presence and in the
absence of metabolic activation (Albertini et al.,
1988). Negative results were also demonstrated
for S. cerevisiae D61.M exposed to γ-HCH in the
chromosomal loss assay, both in the presence and
in the absence of metabolic activation (Albertini
et al., 1988).
In plants, an increase in the frequency of
chromosomal aberration was reported in root
meristematic cells of Allium cepa after treatment
with γ-HCH, with an induction of viable multinucleate cells with aneuploid nuclei after cytokinesis inhibition by caffeine (Hervás, 1976) and
by a non-specified formulation containing 20%
γ-HCH (Kumar et al., 1995).
In Salmonella typhimurium, γ-HCH
produced statistically significant mutagenic
effects in strains TA98, TA100, and TA102 with
or without S9 microsomal fraction (Yaduvanshi
et al., 2012). [Although the authors reported a
positive finding, the Working Group noted that
the reported effect sizes were minimal to achieve
statistical significance, i.e. the mutagenic rate was
not doubled.] Negative or inconclusive results
were reported when S. typhimurium strain
TA98 was exposed to γ-HCH in the absence or
presence of metabolic activation, respectively
(Gopalaswamy & Aiyar, 1986).

4.2.5 Altered cell proliferation or death

effects on cell proliferation through receptor-mediated mechanisms in ERα-positive cells, such
as MCF-7 human breast cancer cells (Briz et al.,
2011). However, lindane may inhibit cell proliferation, in a dose-dependent manner (1–100 μM)
through receptor-mediated mechanisms in ERβand androgen receptor-positive LNCaP cells
(Maranghi et al., 2007). [In comparison with
17β-estradiol, these effects were not marked.]
Through the intracellular release of Ca2+,
lindane induces apoptosis in HL-60 cells (Kang
et al., 1998), an effect that may contribute to
immunotoxicity (Betoulle et al., 2000). While
other studies have not observed marked
decreases in cell viability, altered levels of apoptosis-related factors such as Bcl-2 (increases in
MCF-7 cells after exposure at up to 0.1 nM) or
Bax (increases in MCF-7 cells after exposure at
100 μM; increases in PC-3 cells after exposure
at 0.01 nM) have been noted (Kalantzi et al.,
2004). A consistent observation with lindane is
the presence of a biphasic dose–response relationship with distinct effects at low (< 1 μM) and
high (> 1 μM to < 100 μM) doses (Llabjani et al.,
2011). Kalantzi et al. (2004) reported a distinction between lindane-induced alterations in the
Bcl-2:Bax ratio at low concentrations (nM) and
cytotoxicity at high doses (μM). Cell type may be
critical; for instance, biologically relevant levels of
lindane induce apoptosis in human lymphocytes,
together with an associated increase in reactive
oxygen species and a reduction in mitochondrial
transmembrane potential (Michałowicz et al.,
2013). Whether lindane-induced modulation of
Bcl-2:Bax ratios promotes apoptosis or facilitates
cell survival remains to be established, and may
depend on a range of other confounding factors
(Hewitt et al., 2007).

(a)

(b)

Humans

No data in exposed humans were available to
the Working Group.
In studies in vitro, lindane demonstrated cell
type-specific induction of cell proliferation or

Experimental systems

Exposure of pregnant mice to lindane in vivo
increased apoptosis in primordial germ cells, an
effect associated with Akt modulation (La Sala
et al., 2009). In male Wistar rats, a single dose of
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lindane induced testicular apoptosis associated
with the nuclear translocation of nuclear factor
kappa β (NF-κβ) and the increased expression of
a range of pro-apoptotic factors (e.g. cytochrome
c, caspase-3 and -9, Fas, and FasL) (Saradha et al.,
2009). Lindane also increased oxidative stress,
triggering NF-κβ translocation and upregulation
of target genes such as TNF-α and IL-1α (Videla
et al., 2004). Sentinel organisms such as Pacific
oysters, Crassostrea gigas, exhibit an in-vivo
susceptibility to the cytotoxic effects of lindane,
with genotoxicity being induced in isolated
haemocytes (Anguiano et al., 2007). Finally, in
the male offspring of CD-1 females treated in
utero with γ-HCH from day 9 to day 16 of gestation, alterations in the DNA content of testicle
cells, possibly attributable to DNA strand breaks,
were observed (Traina et al., 2003) (see Section
4.2.4).
The results above are consistent with lindane
causing a slight elevation in levels of apoptosis in
murine splenocytes in vitro (Battaglia et al., 2010).
An immunotoxic effect associated with apoptotic
and necrotic cell death in murine thymocytes in
vitro is linked with the induction of drug metabolizing mixed function oxidase enzymes (Olgun
et al., 2004). Despite the generation of reactive
oxygen species and the depletion of glutathione,
lindane primarily induces apoptosis as opposed
to necrosis in exposed Madin-Darby canine
kidney cells (Piskac-Collier & Smith, 2009). Its
transforming activity in BALB/c 3T3 cells is also
associated with cell proliferation (Perocco et al.,
1995). This is in contrast to lindane-induced
toxicity in primary rat hepatocytes, which could
be jointly attributed to the disruption of the autophagic process, the inhibition of apoptotic cell
death, and the induction of necrosis (ZucchiniPascal et al., 2009). Slight increases in levels of
Bad mRNA after exposure were noted in PC12
rat pheochromocytoma cells (Aoki et al., 2008).
The observation of cytotoxicity at high doses
(μM) is consistent with the observation that
lindane inhibits phytohaemagglutinin-P-induced
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stimulation of the mitogenic response in bovine
lymphocytes (Kensler & Mueller, 1978).

4.2.6 Inflammation
(a)

Humans
No data were available to the Working Group.

(b)

Experimental systems

Meade et al. first reported in 1984 that lindane
(γ-HCH) induced arachidonic acid release from
mouse macrophage phospholipids and also
strongly stimulated leukotriene C4 production
(Meade et al., 1984). However, in comparison
with zymosan, lindane exerts only a modest
effect on prostaglandin production. Lindane may
therefore affect phosphatidylinositol metabolism
(Meade et al., 1984).
The similarity between lindane and inositol
1,4,5-triphosphate (IP3) may explain why
lindane releases Ca++ from IP3-sensitive intracellular stores in macrophages, myometrial cells
as well as cat kidney cells (reviewed in Sauviat
& Pages, 2002). Furthermore, lindane was found
to influence the metabolic function of hepatic
mitochondria, as well as affect the synthesis of
inositol phosphate in neuronal cells. Lindane is
not a competitive agonist of the IP3 receptor. In
mouse peritoneal macrophage cells, lindane can
mobilize Ca2+ stores. Lindane also decreases
the concentration of phosphatidylinositol (PI),
phosphatidylinositol 4-phosphate (PIP), and
phosphatidylinositol 4,5-bisphosphate (PIP2) in
the membrane of erythrocytes and cerebral cells
of rats exposed for 3 or 6 months. Lindane can
also promote oxidative stress by modifying the
activity of scavenger enzymes, an effect that may
also be involved in the inhibition of intercellular
gap junctions. [Thus, lindane produces multiple
effects on many cell types, rather than being a
sole inducer of inflammation.]
In a study in vitro, the influence of γ-HCH
(lindane) on the metabolism of arachidonic
acid and production of oxygen metabolites was
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investigated in mouse peritoneal macrophages
by Forgue et al. (1990). Lindane stimulated
production of prostacyclins (6KPGF1α), prostaglandin E2 (PGE2), leukotriene C4 (LTC4),
leukotriene B4 (LTB4), and hydroxyeicosatetraenoic acids (HETEs), and increased luminol-dependent chemiluminescence. Lindane produced
a synergistic effect on prostaglandin-leukotriene
(PG-LT) and chemiluminescence production
when combined with phorbol ester. The calcium
ionophore A23187 similarly stimulated chemiluminescence and PG-LT production, suggesting
that lindane acts through mobilization of calcium
stores (Forgue et al., 1990).
In perfused rat liver, low (5–20 mg/kg), but
not high (60 mg/kg) doses of lindane stimulated
Kupffer cell activity and led to enhanced liver
injury (Videla et al., 1997). At lower exposures,
lindane caused an elevation in carbon uptake
and in carbon-induced oxygen consumption that
was abrogated by the Kupffer cell-inactivator,
gadolinium chloride (GdCl3). GdCl3 had no
effect in animals given a higher dose of lindane
(60 mg/kg), which significantly increased both
the rate of oxygen consumption, as well as the
sinusoidal efflux of lactate dehydrogenase. Thus,
toxicity at higher doses (60 mg/kg) appears to be
independent of Kupffer cell activity, and instead
related to oxidative stress mechanisms at the
parenchymal cell level (Videla et al., 1997).
Paracrine mechanisms leading to enhanced
production of prostaglandins (which have been
implicated in tumour promotion) were investigated by Kroll et al. (1999). In male Wistar rats,
phenobarbital (0.75 g/L in drinking-water) or
lindane (350 mg/kg diet) significantly increased
the levels of COX-2 mRNA and protein from
isolated Kupffer cells evaluated after 2, 5, or
56 days of exposure. Additionally, treatment
in vitro of primary Kupffer cell cultures with
lindane (for 1 hour) increased COX-2 protein
expression, markedly increased levels of PGE2
and prostaglandin D2 (PGD2) (by 50-fold),
and also elevated prostaglandin F2α (PGF2α)

(by more than threefold). Lee and Edwards,
however, in 2001 challenged the idea that prostaglandins were responsible for the tumour-promoting effects of lindane and phenobarbital in
rat liver (Lee & Edwards, 2001). They demonstrated a concentration-dependent increase by
PGE2, PGF2α, and PGD2 in the level of DNA
synthesis by hepatocytes. Arachidonic acid
alone, however, had no effect on DNA synthesis.
PGE2 and PGF2α required dexamethasone to
mediate their effects and did not further enhance
the stimulatory effect of epidermal growth factor
(EGF). On the other hand, PGD2 was capable of
stimulating DNA synthesis regardless of whether
insulin, dexamethasone, or EGF were present or
absent. The phorbol ester 12-O-tetradecanoyl
phorbol-13-acetate (TPA) significantly increased
[(3)H]arachidonic acid release, as well as PGE2
formation in hepatocytes, in contrast to α-HCH
and other compounds tested, including phenobarbital and DDT. Inhibitors of arachidonic acid
metabolism did not selectively block the ability
of lindane (or other compounds tested) to stimulate DNA synthesis (Lee & Edwards, 2001).

4.3 Data relevant to comparisons
across agents and end-points
4.3.1 General description of the database
The analysis of the in-vitro bioactivity of the
agents reviewed in IARC Monographs Volume
113 (i.e. 2,4-D, lindane, and DDT) was informed
by data from high-throughput screening
assays generated by the Toxicity Testing in the
21st Century (Tox21) and Toxicity Forecaster
(ToxCastTM) research programmes of the government of the USA (Kavlock et al., 2012; Tice
et al., 2013). At its meeting in 2014, the Advisory
Group To Recommend Priorities for the IARC
Monographs programme encouraged inclusion
of analysis of high-throughput and high-content
data (including from curated government databases) (Straif et al., 2014).
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Lindane, DDT (p,p′-DDT, o,p′-DDT,
p,p′-DDE, p,p′-DDD), and 2,4-D were among
the approximately 1000 chemicals tested across
the full assay battery of the Tox21 and ToxCast
research programmes as of 27 April 2015. This
assay battery includes 342 assays, for which data
on 821 assay end-points (several assays include
multiple end-point readouts) are publicly available on the website of the ToxCast research
programme (EPA, 2015a). Detailed information
about the chemicals tested, assays used, and associated procedures for data analysis is also publicly
available (EPA, 2015b). It should be noted that
the metabolic capacity of the cell-based assays is
variable, and generally limited.

2.
3.
4.

5.

4.3.2 Aligning in-vitro assays to 10 “key
characteristics” of known human
carcinogens
In order to explore the bioactivity profiles of
the agents being evaluated in IARC Monographs
Volume 113 with respect to their potential
impact on mechanisms of carcinogenesis, the
821 available assay end-points in the ToxCast/
Tox21 database were first mapped to the 10 key
characteristics of known human carcinogens
(Smith et al., 2016). Working Group members
and IARC Monographs staff made independent
assignments for each assay type to one or more
“key characteristics.” The assignment was based
on the biological target being probed by each
assay. The consensus assignments comprise 265
assay end-points that mapped to 6 of the 10 “key
characteristics” as shown below. Within each key
characteristic, the assays were further divided
by the Working Group into subsets of similar
end-points.
1. Is electrophilic or can undergo metabolic
activation (31 end-points): no assays directly
measure electrophilicity or metabolic activation. However, assay end-points measuring CYP inhibition (29 end-points) and
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6.

7.
8.

aromatase inhibition (2 end-points) were
mapped to this characteristic.
Is genotoxic (0 end-points): no assay end-points
were mapped to this characteristic.
Alters DNA repair or causes genomic instability (0 end-points): no assay end-points were
mapped to this characteristic.
Induces epigenetic alterations (11 end-points):
the assay end-points mapped to this characteristic measure targets associated with
DNA binding (e.g. transcription factors) (4
end-points) and transformation catalysts (e.g.
histone deacetylase) (7 end-points).
Induces oxidative stress (18 end-points): the
assay end-points mapped to this characteristic measure oxidative stress via cell imaging
(7 end-points), markers of oxidative stress
(e.g. nuclear factor erythroid 2-related factor,
NRF2) (6 end-points), and metalloproteinase
(5 end-points).
Induces chronic inflammation (45 end-points):
the assay end-points mapped to this
characteristic measure cellular adhesion
(14 end-points), cytokines (e.g. IL8) (29
end-points), and nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB)
activity (2 end-points).
Is immunosuppressive (0 end-points): no assay
end-points were mapped to this characteristic.
Modulates receptor-mediated effects (92
end-points): a large and diverse collection
of cell-free and cell-based assay end-points
measuring nuclear and other receptor bioactivity, specifically aryl hydrocarbon receptor
(AhR) (2 end-points), androgen receptor (11
end-points), ER (18 end-points), farnesoid X
receptor (FXR) (7 end-points), peroxisome
proliferator-activated receptor (PPAR) (12
end-points), pregnane X receptor_vitamin
D receptor (PXR_VDR) (7 end-points), retinoic acid receptor (RAR) (6 end-points), and
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others (29 end-points), were mapped to this
characteristic.
9. Causes immortalization (0 end-points):
no assay end-points were mapped to this
characteristic.
10. Alters cell proliferation/death or nutrient
supply (68 end-points): the assay end-points
mapped to this characteristic measure cytotoxicity (41 end-points), mitochondrial toxicity
(7 end-points), cell cycle (16 end-points), and
cell proliferation (4 end-points).
By matching assays to key characteristics,
additional insights could be obtained on the
bioactivity profile for each compound specifically for the purpose of evaluating their potential
to interact with or affect mechanisms involved
in carcinogenesis. In addition, for each chemical,
the results of the in-vitro assays that represent
each “key characteristic” can be compared to the
results for a larger compendium of substances
with similar in-vitro data, so that a particular
chemical can be aligned with other chemicals
with similar toxicological effects. Nonetheless,
the available assays do not cover the full spectrum of targets that may be associated with these
mechanisms, and metabolic capacity in many of
the assays is limited, which could account for any
absence of bioactivity. Conversely, the presence
of bioactivity alone does not definitively imply
that the agent exhibits that key characteristic, as
the assay data are considered along with other
information, both in vivo and in vitro.
The Working Group then extracted information from the ToxCast database concerning
whether a chemical was “active” or “inactive”
for each of the selected assay end-points (Sipes
et al., 2013; EPA, 2015b). In the analysis by the
Working Group, each “active” was given a value
of 1, and each “inactive” was given a value of
0. Thus, by assigning all active compounds a
value of 1, the micromolar “potency” estimates
from the concentration–response data were not
explicitly modelled.

Next, to integrate the data across individual
assay end-points into the cumulative score for each
“key characteristic,” the toxicological prioritization index (ToxPi) approach (Reif et al., 2010) and
associated software (Reif et al., 2013; Filer et al.,
2014) were used. In the Working Group’s analyses, the ToxPi score provides a visual measure of
the potential for a chemical to be associated with
a “key characteristic” relative to 181 chemicals
that have been previously evaluated by the IARC
Monographs and that have been screened by
ToxCast. Assay end-point data were available in
ToxCast for these 181 chemicals, but not for other
chemicals previously evaluated by IARC. ToxPi
is a dimensionless index score that integrates
multiple, different, assay results and displays
them visually. Within each subset of end-points
(“slice”), data are translated into ToxPi slice-wise
scores for all compounds as detailed below and
in the publications describing the approach and
the associated software package (Reif et al., 2013).
Within each individual slice for a given chemical, the distance from the origin represents the
relative chemical-elicited activity of the component assays (i.e. slices extending farther from
the origin were associated with “active” calls on
more assays). The overall score for a chemical,
visualized as a radial ToxPi profile, is the aggregation of all slice-wise scores.
The list of ToxCast/Tox21 assay end-points
included in the analysis by the Working Group,
description of the target and/or model system for
each end-point (e.g. cell type, species, detection
technology, etc.), their mapping to 6 of the 10
“key characteristics” of known human carcinogens, and the decision as to whether each chemical was “active” or “inactive” are available as
supplemental material to Monographs Volume
113 (IARC, 2017b). The output files generated for
each “key characteristic” are also provided in the
supplemental material, and can be opened using
ToxPi software that is freely available for download without a licence (Reif et al., 2013).
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4.3.3 Specific effects across 6 of the 10 “key
characteristics” based on data from
high-throughput screening in vitro
The relative effects of lindane were compared
with those of 181 chemicals selected from the
more than 800 chemicals previously evaluated
by the IARC Monographs and also screened by
the Tox21/ToxCast programmes, and with those
of the other compounds evaluated in the present
volume of the IARC Monographs (Volume
113) and with their metabolites. Of these 181
chemicals previously evaluated by the IARC
Monographs and screened in the ToxCast/Tox21
programmes, 8 are classified in Group 1 (carcinogenic to humans), 18 are in Group 2A (probably carcinogenic to humans), 59 are in Group
2B (possibly carcinogenic to humans), 95 are in
Group 3 (not classifiable as to its carcinogenicity
to humans), and 1 is in Group 4 (probably not
carcinogenic to humans). The results are presented
in a dot plot as a rank order of all compounds in
the analysis arranged in the order of their relative
activity. The relative positions of lindane, DDT
(p,p′-DDT, o,p′-DDT, p,p′-DDE, p,p′-DDD), and
2,4-D in the ranked list are also shown on the
y-axis. The colour scheme legend (lower left in
each plot) annotates each compound according
to its previous IARC Monographs group classification. The legend key (lower right graphic in
each plot) lists components of the ToxPi chart
as subcategories that comprise assay end-points
in each characteristic, as well as their respective
colour-coding (see Section 4.3.2; IARC, 2017b).
The ToxPi profile and numeric score are shown
for the highest-ranked chemical in each analysis
(directly above the legend key) to represent the
maximum ToxPi score and for lindane (upper
frame).
Characteristic (1) Is electrophilic or can
undergo metabolic activation: Lindane was
tested for all 31 assay end-points mapped to
this key characteristic. Lindane was active
in none of the 29 assay end-points related
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to CYP inhibition, and in 1 of the 2 assay
end-points related to aromatase inhibition.
In comparison, the highest-ranked chemical,
malathion (IARC Group 2A; IARC, 2017a),
was active in 20 out of 29 assay end-points
related to CYP inhibition and in 1 out of 2
related to aromatase inhibition (Fig. 4.1).
Characteristic (4) Induces epigenetic alterations: Lindane was tested for all 11 assay
end-points mapped to this characteristic.
Lindane was active in none of the assays.
In comparison, the highest-ranked chemical, captan (IARC Group 3; IARC, 1983)
was active for 0 out of 4 DNA-binding assay
end-points, and 5 out of 7 transformation-catalyst (e.g. histone modification) assay
end-points (Fig. 4.2).
Characteristic (5) Induces oxidative stress:
lindane was tested for all 18 assay end-points
mapped to this characteristic. The 18 assay
end-points that were mapped to this characteristic are in subcategories of metalloproteinase (5 end-points), oxidative stress
(7 end-points), and oxidative stress marker
(6 end-points). Lindane was active for 2
of the assay end-points measuring oxidative-stress markers, but none of the other
assay end-points. In comparison, the highest-ranked chemical, carbaryl (IARC Group
3; IARC, 1976) was active for 2 out of 5
metalloproteinase assay end-points, 3 out of
7 oxidative stress assay end-points, and 3 out
of 6 oxidative-stress marker assay end-points
(Fig. 4.3).
Characteristic (6) Induces chronic inflammation: lindane was tested for all 45 assay
end-points mapped to this characteristic,
and was active for 1 assay end-point related
to cytokine levels. In comparison, the highest-ranked chemical, 4,4′-methylenedianiline
(IARC Group 2B; IARC, 1986) was active for
2 out of 14 cellular-adhesion assay end-points,
and 2 out of 29 cytokine-assay end-points
(Fig. 4.4).
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Data relevant to comparisons across agents and end-points
Figure 1. “Electrophilic or ability to undergo metabolic activation.”
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Fig. 4.1 ToxPi ranking for lindane using ToxCast assay end-points mapped to metabolic activation
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On the left-hand side, the relative rank of lindane is shown (y-axis) with respect to its ToxPi score (x-axis) as compared with the other chemicals
evaluated in the present volume (Volume 113) and the 181 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, malathion) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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Figure
2. “Epigenetic alterations.”
Fig. 4.2 ToxPi ranking for lindane using ToxCast assay end-points mapped to epigenetic
alterations
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On the left-hand side, the relative rank of lindane is shown (y-axis) with respect to its ToxPi score (x-axis) as compared with the other chemicals
evaluated in the present volume (Volume 113) and the 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, captan) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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Fig. 4.3 ToxPi ranking for lindane using ToxCast
3 assay end-points mapped to oxidative stress
markers
Figure 3. “Oxidative Stressor.”
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On the left-hand side, the relative rank of lindane is shown (y-axis) with respect to its ToxPi score (x-axis) as compared with the other chemicals
evaluated in the present volume (Volume 113) and the 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, carbaryl) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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Figure 4. “Induce chronic inflammation.”
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Fig. 4.4 ToxPi ranking for lindane using ToxCast assay end-points mapped to induction of chronic
inflammation
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On the left-hand side, the relative rank of lindane is shown (y-axis) with respect to its ToxPi score (x-axis) as compared with the other chemicals
evaluated in the present volume (Volume 113) and the 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, 4,4′-methylenedianiline) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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Characteristic (8) Modulates receptor-mediated effects: lindane was tested for all 92 assay
end-points mapped to this characteristic, and
was active in 3 out of 18 ER assay end-points,
1 out of 7 FXR assay end-points, 1 out of 29
other nuclear-receptor assay end-points, 1
out of 12 PPAR assay end-points, 3 out of
7 PXR_VDR assay end-points, and 2 out
of 6 RAR assay end-points. In comparison,
the highest-ranked chemical, clomiphene
citrate (IARC Group 3; IARC, 1979a) was
active for 5 out of 11 androgen-receptor assay
end-points, 13 out of 18 ER assay end-points,
3 out of 7 FXR assay end-points, 6 out of 29
other nuclear-receptor assay end-points, 2
out of 12 PPAR assay end-points, 5 out of 7
PXR_VDR assay end-points, and 1 out of 6
RAR assay end-points (Fig. 4.5).
Characteristic (10) Alters cell proliferation, cell
death, or nutrient supply: lindane was tested
for 67 out of 68 assay end-points mapped to
this characteristic and was active for 2 of the
41 assay end-points related to cytotoxicity. In
comparison, the highest-ranked chemical,
ziram (IARC Group 3; IARC, 1991) was active
for 2 out of 16 cell-cycle assay end-points, 33
out of 41 cytotoxicity end-points, and 2 out
of 7 mitochondrial-toxicity assay end-points
(Fig. 4.6).

4.3.4 Summary of all effects across the “key
characteristics” based on data from
high-throughput screening in vitro
As a high-level summary of activity, data
were recombined into six ToxPi slices, where
each slice represents activity across all component assays mapped to a given characteristic. In
the figure (Fig. 4.7), slices are labelled “metabolism” (Is electrophilic or can undergo metabolic
activation), “epigenetic” (Induces epigenetic
alterations), “stress” (Induces oxidative stress),
“inflammation” (Induces chronic inflammation),

“receptor” (Modulates receptor-mediated effects),
and “cellular” (Alters cell proliferation, cell death,
or nutrient supply). Lindane was tested for 264
of 265 assay end-points mapped to any characteristic. Overall, lindane was active for 17 of the
assay end-points mapped to any characteristic.
In comparison, the highest-ranked chemical,
clomiphene citrate (IARC Group 3; IARC, 1979a)
was active for 97 assay end-points.

4.4 Cancer susceptibility data
There is a paucity of studies that examine
susceptibility to cancer associated with exposure to lindane in humans. Two case–control
studies of similar size found opposing evidence
for postmenopausal status as a susceptibility
factor for cancer of the breast (Zheng et al.,
1999; Ibarluzea et al., 2004). A history of asthma
did not modify a non-significant association
between non-Hodgkin lymphoma and exposure to lindane (Lee et al., 2004). No studies of
carcinogenicity with lindane in experimental
animals have examined susceptibility. [The
Working Group noted that few studies evaluated
life-stage, and genetic and disease susceptibility.
There is no compelling evidence for factors
enhancing susceptibility to cancer in association
with exposure to lindane.]

4.5 Other adverse effects
Other adverse effects not addressed in
Sections 4.1–4.4 that may be relevant to cancer
hazard identification for lindane include toxicity
in the liver, kidney, haematopoietic system, and
testis. These effects have also been reviewed by
the Agency for Toxic Substances and Disease
Registry (ATSDR, 2005).
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Figure 5. “Modulates receptor-mediated effects.”
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Fig. 4.5 ToxPi ranking for lindane using ToxCast assay end-points mapped to modulation of
receptor-mediated effects
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evaluated in the present volume (Volume 113) and the 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, clomiphene citrate) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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Figure 6. “Alters cell proliferation, cell death and nutrient supply.”

Fig. 4.6 ToxPi ranking for lindane using ToxCast assay end-points mapped to alteration of cell
proliferation, cell death, and nutrient supply
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Fig. 4.7 ToxPi ranking for lindane using ToxCast assay end-points: summary of key characteristics

Lindane ( 0.144 )

p,p'−DDD
p,p'−DDT
o,p'−DDT
p,p'−DDE

Lindane

2,4−Dichlorophenoxyacetic acid

IARC Group
Mono 113
Group 4
Group 3
Group 2B
Group 2A
Group 1

●●
●
●●●
●●●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●●
●
●
●●
●
●●
●
●
●
●
●
●
●●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

0.0

3

●
●●●
●
●
●
●●●
●● ●
●
●
●
●
●●
●●
●
●●●
●●●
●
●
●
●
●
●
●
●●●
●
●
●●
●●
●
●●

●●
●● ●
●●●
●●●
●
●
●
●
●
●
●●●
●●●

●●
● ●●
●●●
● ● ●

●

●

Clomiphene citrate ( 0.74 )

(11 EPIGENETIC
(18 STRESS

(45 INFLAMMATION

METABOLISM (31

CELLULAR (68

RECEPTOR (92

0.2

0.4

0.6

Toxpi Score

4

On the left-hand side, the relative rank of lindane is shown (y-axis) with respect to its ToxPi score (x-axis) as compared with the other chemicals
evaluated in the present volume (Volume 113) and the 178 chemicals previously evaluated by IARC. The inset in the scatter plot shows
subcategories of the ToxPi chart, as well as their respective colour coding. On the right-hand side, the ToxPi charts of the top-ranked chemical
(in this case, clomiphene citrate) and the target chemical(s) (lindane) are shown with their respective ToxPi score in parentheses.
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4.5.1 Humans
Several studies have reported increases in
liver enzyme levels associated with occupational
exposure to technical-grade HCH (Kashyap,
1986; Nigam et al., 1993). Renal failure was
reported in multiple cases of acute poisoning
with lindane (Munk & Nantel, 1977; Sunder
Ram Rao et al., 1988). In one case, simultaneous
renal and hepatic injury was reported (Paul et al.,
2013).
No studies of associations between exposure
to lindane and testicular toxicity in humans were
available to the Working Group.

4.5.2 Experimental systems
Experimental studies in rats and rabbits
have reported liver toxicity after administration of lindane, as demonstrated by alterations
in clinical markers, such as serum aspartate
transaminase, alanine transaminase, and lactate
dehydrogenase, and by histopathological lesions,
such as cytotoxicity, necrosis, and focal degeneration (Schulte Hermann et al., 1971; Grabarczyk
et al., 1990; Junqueira et al., 1991; Raizada et al.,
2001; Videla et al., 2004; Matsuura et al., 2005;
Anilakumar et al., 2007; Vijaya Padma et al.,
2011).
Experimental studies in rats and rabbits have
reported kidney toxicity after administration of
lindane, as demonstrated by clinical markers,
such as elevated serum urea, creatinine, and
uric acid, and by histopathological lesions, such
as focal degeneration (Grabarczyk et al., 1990;
Vijaya Padma et al., 2011).
Haematological effects, including reduced
phagocytic activity of neutrophils, increased
number of lymphocytes with inactive nucleoli,
and reduced total leukocyte count have also been
reported in rats and rabbits (Grabarczyk et al.,
1990; Joseph et al., 1992).
Histological and functional changes in the
testes have been reported after administration

of lindane in rats. Reported effects include
organ-weight changes, alterations in steroidogenesis, decreased spermatogenesis, reduction
in antioxidant defence, alterations in testicular
morphology, and degeneration of Leydig cells
(Samanta et al., 1999a, b; Suwalsky et al., 2000;
Pagès et al., 2002; Saradha et al., 2008). Effects
in the male reproductive tract in adulthood have
also been reported when rats are exposed during
lactation (Dalsenter et al., 1997a). In a two-generation study of reproductive toxicity in rats, there
were no changes in the testes in the F0 generation,
and decreases in absolute, but not relative, testicular weights in the F1 and F2 generations only at
the highest dietary concentration of 300 ppm
(Matsuura et al., 2005). Srinivasan et al. (1991)
did not report any effects on the testes in pups
exposed in utero or via lactation through the
maternal diet.

5.

Summary of data reported

5.1 Exposure data
Lindane is the γ-isomer of hexachlorocyclohexane (HCH). While there are several
isomers of HCH, among which the β-, γ-, δ-, and
ε-isomers are relatively stable, only γ-HCH has
insecticidal properties. Technical-grade lindane
containing 90% γ-HCH, and technical-grade
HCH containing 10–40% γ-HCH, have both
been used worldwide as pesticides.
Lindane has been extensively manufactured
and used in the past, primarily as an insecticide
to treat wood and wooden structures, seed, crops,
and livestock. Occupational exposure to lindane
can occur, or has occurred, in the course of its
manufacture and formulation, and during agricultural application. Use of lindane decreased
significantly from the 1970s to the 1990s due to
restrictions and bans on its use in agriculture.
Lindane continues to be used for public health
purposes, although with decreasing numbers of
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prescriptions, for the second-line treatment of
scabies (mites) and lice in humans (as a specific
exemption under the Stockholm Convention on
Persistent Organic Pollutants).
Lindane is mobile in the environment and,
as a result of long-range atmospheric transport,
has been deposited worldwide. Lindane has been
measured in food, air, surface water, groundwater, sediment, soil, fish, wildlife, and humans.
Current exposure of the general population in
countries worldwide occurs mainly through the
diet. In most regions of the world, the proportion
of human biological samples containing lindane
at detectable levels is decreasing.

5.2 Human carcinogenicity data
Cancer risks associated with exposure to
lindane have been evaluated in cohort and case–
control studies in several countries. The largest
body of data concerns non-Hodgkin lymphoma
(NHL).
Cohort and case–control studies of mostly
occupational exposure to pesticides provide
consistent evidence of an association between
NHL and lindane. A large prospective cohort
study of farmers in the USA estimated exposure
through a detailed assessment, and observed
significant upward trends in risk of NHL in relation to several indicators of occupational exposure to lindane, while controlling for other risk
factors. Another cohort study investigating the
mortality of Icelandic sheep farmers reported
that the risk of NHL increased with the number
of sheep owned. The number of sheep owned is an
indirect measure of exposure to lindane because
treatment of sheep to control ectoparasites was a
legal requirement, with a technical-grade HCH
mixture used for this purpose before the 1970s,
and lindane alone used afterwards; however, this
metric could lead to misclassification of the level
of exposure.
A pooled analysis of three population-based
case–control studies in the midwestern USA
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reported a 50% increase in the risk of NHL associated with any use of lindane. The association
was stronger with several indicators of higher
exposure and remained positive after individual
adjustments for other pesticides and pesticide
classes. The association between NHL and exposure to lindane was reduced to a 20% excess in
a subsequent analysis of a subset of the population with simultaneous adjustment for multiple
pesticides. A population-based case–control
study in Canada, in which pesticide exposures
were assessed using questionnaires, also found
moderately increased risks for NHL associated
with exposure to lindane. A meta-analysis of
four studies examining ever-exposure to lindane
in agricultural settings, including the original
pooled analysis described above, found a 60%
increased risk of NHL with exposure to lindane.
A cohort study in the USA and three casecontrol studies in Europe investigated the association between NHL and β-HCH in the general
population using measurements in serum. The
cohort study and two case–control studies
reported some positive associations between
β-HCH and risk, while the other case–control
study did not. However, the interpretation of
general-population studies using levels of other
HCH isomers measured in biological samples
is uncertain since such measurements do not
necessarily reflect exposure to lindane.
Associations between cancers of the breast,
prostate, or testis with lindane or HCH isomers
measured in serum have been evaluated in several
studies, but the results were not consistent and
the findings for HCH isomers may not reflect
exposure to lindane, as noted above.

5.3 Animal carcinogenicity data
Lindane was tested for carcinogenicity by oral
administration (feeding) in seven studies in mice
and two studies in rats. These studies had several
limitations, such as short duration of exposure,
use of one sex only, inadequate dose selection,

Lindane
lack of rationale for dose selection, and limited
reporting.
In treated mice, lindane consistently
increased the incidence of benign and/or malignant tumours of the liver, which were classified
across the various studies as benign or malignant
liver cell tumours, hepatomas (not further classified), benign or malignant hepatomas, or hepatocellular adenoma or carcinoma. In one study
in males, there was an increase in the incidence
of benign hepatomas. In a second study in males
and females, there was an increase in the incidence of benign or malignant (combined) liver
cell tumours in both sexes. In a third study in
males and females, there was an increase in the
incidence of liver hepatoma (not further classified) in males. In a fourth study in females of three
different strains of mice, there was an increase
in the incidence of hepatocellular adenoma or
carcinoma (combined) in two strains, and of
bronchiolo-alveolar tumours of the lung (not
further classified) in one of these two strains. In
a fifth study in males and females, there was a
positive trend in the incidence of bronchiolo-alveolar adenoma or carcinoma (combined) in
females. One study in males and females gave
negative results, and another one study in males
and females was inadequate for the evaluation.
In rats, one study in males and females gave
negative results, and another study was inadequate for the evaluation.

5.4 Mechanistic and other relevant
data
Lindane is highly lipophilic, readily absorbed
via all routes of exposure, and distributes widely
in the body, with a preference for adipose and
other lipid-rich tissues. It is extensively metabolized via cytochrome P450s to a multitude of
metabolites and excreted as various conjugates,
including mercapturic acids. Terminal half-lives
in humans have been estimated to be around 1

day, with a few studies reporting half-lives of up
to approximately 1 week. Lindane induces several
cytochrome P450 enzymes in rats, and induces
CYP2B6 and inhibits CYP2D6 and CYP2E1 in
human hepatocytes.
With respect to the key characteristics of
human carcinogens, adequate data were available to evaluate whether lindane is immunosuppressive, induces oxidative stress, modulates
receptor-mediated effects, is genotoxic, alters cell
proliferation, cell death or nutrient supply, and
induces chronic inflammation.
The evidence is strong that lindane is immunosuppressive, and this characteristic can operate in
humans. Lindane causes dose-dependent immunosuppressive effects in vivo in several species,
including mice, rats, birds and fish. Lindane
suppresses the humoral immune response in
mice and rats. In vitro, lindane suppresses the
activation of human lymphocytes and is toxic to
murine lymphocytes. Immunological studies in
exposed humans are inconclusive with respect
to immunosuppression, but haematotoxic effects
have been observed in humans and rodents.
The evidence is strong that lindane induces
oxidative stress. Markers of oxidative stress
in blood lymphocytes were increased in cases
of acute poisoning with lindane in humans.
Additional data in experimental systems,
including in human lymphocytes in vitro and
rats in vivo, provide consistent evidence of
increases in reactive oxygen species or markers
of oxidative stress.
The evidence is moderate that lindane modulates receptor-mediated effects. No consistent
associations between lindane and serum
hormone levels were found in a few studies in
humans. Lindane binds and blocks the androgen
receptor in human cells and experimental
systems. It did not activate transfected human
androgen receptor in vitro. Studies in experimental systems indicate that lindane has anti-estrogenic and anti-androgenic activity.
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The evidence is moderate that lindane is
genotoxic. In human cells in vitro, chromosomal
aberration, sister-chromatid exchange, and
increased micronucleus formation were reported
after treatment with lindane. Negative or mixed
results were reported in assays for DNA-adduct
formation and other types of DNA damage.
In rats, mice, and Chinese hamsters, findings were mixed across experimental systems,
including chromosomal and other DNA damage
end-points. Negative or statistically significant
but very small effects were reported in bacteria
and lower eukaryotes. No reliable genotoxicity
data were available in exposed humans.
The evidence is weak that lindane alters
cell proliferation or death, or induces chronic
inflammation. No data were available in exposed
humans. Studies of apoptosis and proliferation in human cancer cells gave mixed results.
Induction of apoptosis was reported in mice in
vivo and in several mouse cell types in vitro, but
inhibition of apoptosis was reported in rat hepatocytes. A few studies in rats in vivo and in vitro
have reported Kupffer cell activation in the liver.
In high-throughput testing in the Toxicity
Testing in the 21st Century (Tox21) and Toxicity
Forecaster (ToxCast) research programmes of
the government of the USA, lindane gave positive
results for 17 assay end-points, mostly related to
receptor-mediated effects, among the 265 assay
end-points relevant to the key characteristics of
human carcinogens.
No cancer susceptibility factors have been
identified in humans.
Adverse effects of lindane in the liver, kidney,
and haematopoietic systems have been reported
in exposed humans, as well as in experimental
systems. Additionally, testicular toxicity has
been reported in rats exposed to lindane.
Overall, the mechanistic data provide strong
support for the carcinogenicity of lindane. This
includes strong evidence that lindane is immunosuppressive and induces oxidative stress, and
that effects can operate in humans.
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6.

Evaluation

6.1 Cancer in humans
There is sufficient evidence in humans for
the carcinogenicity of lindane. Lindane causes
non-Hodgkin lymphoma.

6.2 Cancer in experimental animals
There is sufficient evidence in experimental
animals for the carcinogenicity of lindane.

6.3 Overall evaluation
Lindane is carcinogenic to humans (Group 1).
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2,4-DICHLOROPHENOXYACETIC ACID
1.

Exposure Data

1.1 Identification of the agent

1.1.2 Structural and molecular formulae, and
relative molecular mass
Cl

1.1.1 Nomenclature
Chem. Abstr. Serv. Reg. No.: 94-75-7
Chem.Abstr.Serv.Name:2,4-Dichlorophenoxy
acetic acid
Preferred IUPAC Name: 2-(2,4-Dichloro
phenoxy) acetic acid
Synonyms: 2,4-D; 2,4 dichlorophenoxyacetic
acid; 2,4-dichlorophenoxyacetic acid
Trade Names: 2,4-Dichlorophenoxyacetic
acid (2,4-D) has been used in many commercial product formulations. Selected trade
names include: Hedonal; 2,4-D; Estone;
Agrotect; Fernesta; Fernimine; Netagrone;
Tributon; Vergemaster; Amoxone; Dicopur;
Dormone; Ipaner; Moxone; Phenox; Pielik;
Rhodia; Weedone; B-Selektonon.
Additional trade names are available in the
PubChem Compound database (NCBI, 2015).

Cl

O
OH
O

Molecular formula: C8H6Cl2O3
Relative molecular mass: 221.03

1.1.3 Chemical and physical properties of the
pure substance
Description: Colourless crystals or white
powder
Solubility: Slightly soluble in water (g/100 mL
at 25 °C, 0.031). Soluble in organic solvents
(ethanol, acetone, dioxane)
Octanol/water partition coefficient: log Pow,
2.81
Conversion factor: 1 ppm = 9.04 mg/m3,
assuming normal temperature (25 °C) and
pressure (101 kPa)
See IPCS/ICSC (2015)
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Fig. 1.1 Production of 2,4-dichlorophenoxyacetic acid (2,4-D) via 2,4-dichlorophenol

OH

OH

Cl

Cl2

OCH 2 COOH
Cl

Phenol

Cl
2,4-Dichlorophenol
Cl

CH 2

COOH

Cl

Chloroacetic acid

2,4-Dichlorophenoxyacetic acid

Reprinted from Chemosphere, 92(3), Liu et al. (2013) Formation and contamination of polychlorinated dibenzodioxins/dibenzofurans (PCDD/
Fs), polychlorinated biphenyls( PCBs), pentachlorobenzene (PeCBz), hexachlorobenzene (HxCBz), and polychlorophenols in the production of
2,4-D products, pp 304–308, Copyright (2013), with permission from Elsevier

1.1.4 Esters and salts of 2,4-D
Several esters and salts of 2,4-D with various
properties have been manufactured and used in
herbicide products (NPIC, 2008). In humans,
esters and salts of 2,4-D undergo rapid acid
or enzymatic hydrolysis in vivo to yield 2,4-D
(Garabrant & Philbert, 2002) (see Section 4.1).
Esters and salts also undergo hydrolysis to the
acid in environmental media at different rates
depending on specific conditions of pH, moisture,
and other factors (NPIC, 2008). Relevant ester
and salt forms of 2,4-D include the following:
•
•
•
•
•
•
•
•
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2,4-D salt (CAS No. 2702-72-9)
2,4-D diethanolamine salt (CAS No.
5742-19-8)
2,4-D dimethylamine salt (CAS No.
2008-39-1)
2,4-D isopropylamine salt (CAS No.
5742-17-6)
2,4-D isopropanolamine salt (CAS No.
32341-80-3)
2,4-D butoxyethyl ester (CAS No. 1929-73-3)
2,4-D butyl ester (CAS No. 94-80-4)
2,4-D 2-ethylhexyl ester (CAS No. 1928-43-4)

•
•
•

2,4-D isopropyl ester (CAS No. 94-11-1)
2,4-D isooctyl ester (CAS No. 25168-26-7)
2,4-D choline salt (CAS No. 1048373-72-3)

Physical properties of these 2,4-D salts and
esters have been reported elsewhere (NPIC,
2008).

1.2 Production and use
1.2.1 Production
Two processes are currently used for the
production of 2,4-D. In the first process, phenol
is condensed with chloroacetic acid forming
phenoxyacetic acid, which is subsequently chlorinated (Fig. 1.1). In the second process, phenol
is chlorinated, generating 2,4-dichlorophenol,
which is subsequently condensed with chloroacetic acid (Fig. 1.2).
The butyl ester derivative of 2,4-D is produced
by the esterification of the acid with butanol in
the presence of a ferric chloride catalyst and
chlorine (Liu et al., 2013).
No reliable data on current global production
of 2,4-D were available to the Working Group.

2,4-Dichlorophenoxyacetic acid
Fig. 1.2 Production of 2,4-dichlorophenoxyacetic acid (2,4-D) via phenoxyacetic acid
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Reprinted from Chemosphere, 92(3), Liu et al. (2013) Formation and contamination of polychlorinated dibenzodioxins/dibenzofurans (PCDD/
Fs), polychlorinated biphenyls( PCBs), pentachlorobenzene (PeCBz), hexachlorobenzene (HxCBz), and polychlorophenols in the production of
2,4-D products, pp 304–308, Copyright (2013), with permission from Elsevier

In 2010, the production of 2,4-D reached 40 000
tonnes in China (Liu et al., 2013).

1.2.2 Use
2,4-D is a synthetic auxin, and was the first
chemical that could selectively control dicotyledons or broadleaf plants, but spare most
monocotyledons, which include grasses and
narrow-leaf crops such as wheat, maize (corn),
rice, and similar cereal crops (Song, 2014).
2,4-D was first marketed in 1944 and produced
by the American Chemical Paint Company. The
derivatives of 2,4-D constitute a series of systematic herbicides that are widely used in broadleaved weeds. 2,4-D is one of the world’s most
common herbicides because of its general applicability and low cost (Liu et al., 2013)
There are more than 600 products containing
2,4-D currently on the market (Song, 2014). In
2001, the dimethylamine salt and 2-ethylhexyl
ester accounted for approximately 90–95% of the
total global use of 2,4-D (Charles et al., 2001).
2,4-D is sold in various formulations under
a wide variety of brand names and is found,
for example, in commercial mixtures of lawn
herbicide. 2,4-D can be used alone and is also

commonly formulated with other herbicides,
for example, dicamba (3,6-dichloro-2-methoxybenzoic acid), mecoprop (methylchlorophenoxypropionic acid, MCPP), mecoprop-P
(the (R)-(+)-enantiomer of mecoprop), MCPA
(2-methyl-4-chlorophenoxyacetic acid), picloram
(4-amino-3,5,6 trichloropicolinic acid), and
clopyralid (3,6-dichloro pyridine-2-carboxylic
acid) (PubChem, 2015). 2,4-D in combination
with glyphosate is used as the basis of a herbicide
formulation designed for weed control in crops
of corn and soybean that have been genetically
modified to tolerate 2,4-D and glyphosate via
insertion of a bacterial aryloxyalkanoate dioxygenase gene into the plant genome (Wright et al.,
2010).
On 18 September 2014, the United States
Environmental Protection Agency (EPA) granted
registration for a herbicide containing the active
ingredients 2,4-D, choline salt, and glyphosate
dimethylammonium salt to be used on corn
and soybean crops genetically engineered to be
resistant to 2,4-D and glyphosate (EPA, 2014).
In the USA, 2,4-D is one of the 10 most
commonly used conventional active ingredients
of pesticide used in the agricultural sector. Use
estimates from 2001 to 2007 ranged from 24 to
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35 million pounds [~11 × 103 to 16 × 103 tonnes].
In the non-agricultural sectors, i.e. home/garden
and industry/commercial/government, 2,4-D is
the most commonly used active herbicide ingredient, with use estimates between 2001 and 2007
of 8–11 and 16–22 million pounds [~3.6 × 103 to
5 × 103 and 7 × 103 to 10 × 103 tonnes], respectively (EPA, 2011). In Canada, 14 tonnes and 87
tonnes of 2,4-D (diverse formulations) were used
in British Columbia, and in Ontario respectively,
in 2003 (CAREX-CANADA, 2009).
In the USA, application of the herbicide has
occurred in pasture and rangelands (24%), lawns
by homeowners with fertilizer (12%), spring
wheat (8%), winter wheat (7%), lawn/garden
without fertilizer (6%), soybean (4%), summer
fallow (3%), hay other than alfalfa (3%) and roadways (3%). Other crops on which 2,4-D is used
included filberts, sugarcane, barley, seed crops,
apples, rye, cherries, oats, millet, rice, soybean,
and pears. 2,4-D is also used in forestry, turfgrass management, and in the control of weeds
near powerlines, railways, and similar corridors.
Rates of application were generally less than 1.7
kg of acid equivalents per hectare, and generally less than 2.2 kg/Ha were applied annually.
2,4-D is predominantly used in the Midwest,
Great Plains and Northwestern regions of the
USA (EPA, 2005). Low concentrations of 2,4-D
are used as plant growth regulators to induce
callus formation (Liu et al., 2013). Agricultural
use of 2,4-D includes both crop and non-crop
applications of primarily liquid formulations,
and a variety of application methods ranging
from tractor-mounted booms to backpack
sprayers. Forestry application ranges from backpack spraying to aerial application. Turf applications may use either liquid spray or granular
formulations.
A mixture of roughly equal parts of 2,4-D
and 2,4,5-trichlorophenoxyacetic acid (2,4,5-T),
known as “agent orange”, was used by military
forces of the USA as a defoliant in the Viet Nam
war (Kahn et al., 1988).
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1.3 Measurement and analysis
Exposure to humans may occur as a result
of ingestion, inhalation, or dermal absorption
of 2,4-D, or any of its salts and esters, through
occupational exposure during manufacture
or use of herbicide products, or via contact
with 2,4-D residues in food, water, air, or soil.
Measurement methods have been developed for
analysis of 2,4-D and its esters and salts in a wide
range of biological, personal air, and dermal
samples taken during monitoring for exposure, and in food, and environmental media.
Some gas chromatography-mass spectrometry
(GC-MS) and liquid chromatography-tandem
mass spectrometry (LC-MS/MS) methods have
been developed as “multi-residue” methods that
can provide simultaneous extraction and analysis of other phenoxy acid herbicides (e.g. MCPA,
MCPP, dicamba, 2,4,5-T) or even wider ranges of
acidic or otherwise difficult-to-analyse pesticides
(Raina-Fulton, 2014).
Analysis of 2,4-D acid in urine is the most
widely used approach for biomonitoring of
human exposure (Baker et al., 2000; Lindh et al.,
2008), because excretion of 2,4-D and its acid-hydrolysable conjugates is almost exclusively in the
urine. Esters and salts of 2,4-D are rapidly hydrolysed to the acid in exposed humans (see Section
4.1). This is particularly relevant in occupational
settings, where exposure to the ester and salt
forms are likely to occur. Methods for analysis
of 2,4-D in other biological media, including
blood and milk, have been developed and applied
primarily in studies of toxicology and metabolism in experimental animals (Dickow et al.,
2001; Stürtz et al., 2006). Methods of measurement of exposure for 2,4-D acid and its salt and
ester forms have included personal and area air
samples, dermal patch and bodysuit samples,
and hand-wipe samples that are most often used
for assessing occupational exposures (NIOSH,
1994; Gardner et al., 2005). Methods for analysis
of 2,4-D in air (Waite et al., 2005), water (EPA,

2,4-Dichlorophenoxyacetic acid

Table 1.1 Representative methods for the analysis of 2,4-D
Sample matrix

Assay procedure

Limit of detection

Reference

Air, workplace
Air, ambient
Ground water
Drinking-water
Soil
Personal exposure
(air, hand-wipe,
dermal patch)
Urine (human)
Urine (human)
Plasma (dog)
Serum and milk (rat)
Fruits and vegetables

HPLC-UV
GC-MSD
UHPLC-MS/MS
GC-ECD
LC-MS/MS
LC-MS/MS

15 µg per filter
0.005 ng/m3 based on a 2000 m3 sample volume
0.0003 µg/L; LOQ, 0.0005 µg/L for 500 mL water samples
0.055 µg/L
Reporting limit, 0.010 ppm for 20 g of soil sample
MDL, 1.1–2.9 μg/L

NIOSH (1994)
Waite et al. (2005)
McManus et al. (2014)
EPA (2000)
Schaner et al. (2007)
Gardner et al. (2005)

LC-MS/MS
HPLC-MS/MS
HPLC-FD
GC-ECD
LC-MS/MS

Lindh et al. (2008)
Baker et al. (2000)
Dickow et al. (2001)
Stürtz et al. (2006)
Shida et al. (2015)

Cereals
Food (duplicate diet)

LC-MS/MS
GC-MS

House dust

GC-MS

0.05 µg/L
0.29 µg/L
LOQ, 500 µg/L
0.02 ppm [180 µg/L]
LOD, not reported; recovery tests performed at
0.01 mg/kg
LOQ, 0.05 mg/kg
MDL, 0.25 ng/g for solid food based on 8 g of
homogenized food
MDL, 0.20 ng/mL for liquid food based on 30 mL
homogenized liquid food
MDL, 5 ng/g for 0.5 g of dust sample

Santilio et al. (2011)
Morgan et al. (2004)

Colt et al. (2008)

2,4-D, 2,4-dichlorophenoxyacetic acid; ECD, electron capture detector; FD, fluorescence detection; GC, gas chromatography; HPLC, highperformance liquid chromatography; LC, liquid chromatography; LOD, limit of detection; LOQ, limit of quantitation; MDL, method detection
limit; MS, mass spectrometry; MS/MS, tandem mass spectrometry; MSD, mass-selective detection; UHPLC, ultra-high performance liquid
chromatography

2000; McManus et al., 2014), soil (Schaner et al.,
2007), house dust (Colt et al., 2008), and food
(Morgan et al., 2004; Santilio et al., 2011; Shida
et al., 2015), have primarily (but not exclusively)
focused on the acid form of 2,4-D, partly because
ester and amine salts of 2,4-D are hydrolysed to
the acid at different rates in environmental media,
depending on oxygen availability, moisture, and
pH levels. In water and aerobic soil and sediment,
the half-lives of esters and amines are shorter (in
the order of days) than in anaerobic media. 2,4-D
undergoes degradation in the outdoor environment, with potentially slower degradation rates in
indoor environments (Walters, 1999). Examples
of methods of analysis for 2,4-D in a range of
media are listed in Table 1.1.

1.4 Occurrence and exposure
2,4-D and its salts and esters do not occur
naturally in the environment. Due to widespread production and use of herbicide products
containing 2,4-D, there is considerable potential for exposure of humans in occupational
and non-occupational settings, as illustrated in
Fig 1.3 and Fig. 1.4.
Most of the available data on exposure and
environmental occurrence were from North
America and Europe. Fewer data were available
from other regions of the world. Given the widespread global use of 2,4-D, the lack of data should
not be taken as an indicator that human exposures do not occur in other regions.
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Fig. 1.3 Urinary concentrations of 2,4-dichlorophenoxyacetic acid (2,4-D)(mean, median, or
geometric mean) from studies of occupational or para-occupational exposure, and in the general
population

Compiled by the Working Group
Includes multiple subsets of results from several studies: Kolmodin-Hedman & Erne (1980), Draper (1982), Libich et al. (1984), Vural & Burgaz
(1984), Knopp (1994), Garry et al. (2001), Hines et al. (2001), Arbuckle et al. (2004, 2005), Curwin et al. (2005a), Alexander et al. (2007), Arcury
et al. (2007), Morgan et al. (2008), Bhatti et al. (2010), Thomas et al. (2010a), Zhang et al. (2011), Jurewicz et al. (2012), Rodríguez et al. (2012),
Raymer et al. (2014), and CDC (2015)
d, day; occ., occupational

1.4.1 Occupational exposure
Occupational exposure to 2,4-D can result
from product manufacturing, agricultural use,
forestry, right-of-way, and turf/lawn applications. Indirect or para-occupational exposure
may occur in some populations as a result of
“take-home” and “drift” pathways. Occupational
exposure to 2,4-D typically occurs as a result
of dermal absorption and inhalation, although
some incidental ingestion may also occur. Some
studies cited in a review of dermal absorption of
2,4-D in humans showed that dermal exposure is
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the primary route of exposure for herbicide-spray
applicators (Ross et al., 2005).
(a)

Manufacture

In two studies of occupational exposure,
workers involved in manufacturing products containing 2,4-D had urinary biomarker
concentrations ranging from 35 to 12 693 µg/L,
with a mean of 1366 µg/L, in one study as shown
in Table 1.2 (Vural & Burgaz, 1984; Knopp,
1994). In one of these studies, values for room
air and personal air were 3.2–245 µg/m3 and

2,4-Dichlorophenoxyacetic acid
Fig. 1.4 Estimated exposure to 2,4-dichlorophenoxyacetic acid (2,4-D) from studies of
occupational or para-occupational exposure, and in the general population

Compiled by the Working Group
Estimates were based on urinary concentrations, except for the general population, for which estimates were derived from residential and dietary
measurements. Includes multiple subsets of results from several studies: Lavy et al. (1987), Hines et al. (2001), Alexander et al. (2007), Thomas
et al. (2010a), Wilson et al. (2010), Zhang et al. (2011), and Morgan et al. (2014)

23.4–495 µg/m3, respectively (Vural & Burgaz,
1984).
(b)

Application

Many studies have been conducted to measure
occupational exposure to 2,4-D from agriculture, forestry, right-of-way, and turf application
of herbicidal products (Table 1.2). Both external
(dermal, air) and biomonitoring methods have
been used for exposure assessment of the applicator. Urinary 2,4-D concentrations for forestry
applicators ranged from below the limit of detection (LOD) to 1700 µg/L, with means ranging
from 17.6 to 454 µg/L for different job tasks (Garry
et al., 2001). Estimated mean values for urinary
excretion or the absorbed dose ranged from 2.7

to 98 µg/kg bw per day across several studies
of forestry-related job tasks (Lavy et al., 1982;
Lavy et al., 1987; Zhang et al., 2011). Professional
agricultural applicators had urinary concentrations of 2,4-D ranging from not detected
(ND) to 2858 µg/L, with values of 58 (geometric
mean, GM) and 94 (median) µg/L (Hines et al.,
2003; Bhatti et al., 2010). Many studies reported
urinary results for farmer applicators, with 2,4-D
concentrations ranging from ND to 14 000 µg/L,
with GM values ranging from 5.8 to 715 µg/L,
and a mean value of 8000 µg/L reported in one
study (Kolmodin-Hedman & Erne, 1980; Draper
& Street, 1982; Vural & Burgaz, 1984; Grover
et al., 1986; Arbuckle et al., 2005; Curwin et al.,
2005a; Alexander et al., 2007; Thomas et al.,
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Country,
year

Job/process

Herbicide production
Germany,
2,4-D
1985–89
herbicide
production

Turkey, 1982

2,4-D
herbicide
production
and
application

Forestry workers
USA, 2002
Forestry
backpack
applicators

Media

Urine
Serum
Room air
Personal
air
Urine

No. of
exposed
individuals

Results
Mean

Range

41
41
12
8

–
–
–
–

35–12 963 µg/L
3–3537 µg/L
3.2–245 µg/m3
23.4–495 µg/m3

15

Manufacturing:
1366 µg/L
Application:
715 µg/L

13

Urine

5

3

1

1

Group A:
768 ± 438 µg/day;
11 ± 5.7 µg/kg bw
per day
Group B:
951 ± 1089 µg/day;
13 ± 14.1 µg/kg bw
per day
Mixer/loader:
217 kg per
day ± 103 µg/kg per
day; 2.7 ± 1.3 µg/kg
bw per day
Supervisor:
257 ± 117 µg/day;
3.6 ± 1.7 µg/kg per
day

Comments/additional data

60–9510 µg/L
ND–1920 µg/L

Reference

Knopp (1994)

15 workers manufacturing 2,4-D
esters and amine salt; 6 h work
shifts, urine collected on Friday;
13 2,4-D applicator crewmen
(pilot, flagman, mixer, supervisor)
with urine samples collected at
end of 3-month application period

Vural & Burgaz
(1984)

Mean estimated total absorbed
doses estimated for 5 applicators
in group A (without protective
clothing), 3 applicators in group
B (with standard protective
clothing), 1 mixer/loader, 1
supervisor; based on daily 24 h
urine samples collected for 6 days

Zhang et al. (2011)
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Table 1.2 Occupational exposure to 2,4-D

Table 1.2 (continued)
Country,
year

Job/process

USA, year
NR

Forestry
applicators

Media

Urine

Results

7

Backpack:
454 μg/L
Boom spray:
252 µg/L
Aerial:
42.9 µg/L
Skidder:
17.6 µg/L
Controls:
0.5 µg/L
Backpack sprayers:
mean, 87.6 (N) and
98 (S) µg/kg per day
Injection bar
workers: mean, 9.5
(N) and 4.3 (S) µg/
kg per day
Hypohatchet
workers: mean, 84.8
(N) and 39.5 (S) µg/
kg per day
Hack/squirt
workers: mean, 28.8
(N) and 12.2 (S) µg/
kg per day

4
8
5
15
USA, 1982

Forestry
ground
workers

Urine, 2,4D excreted

20
20

20

20

Mean

Comments/additional data

Reference

First void urine collected at end of
peak application season

Garry et al. (2001)

24 h urine samples collected;
total amount excreted from the
application day and 4 following
days reported here for normal
(N) and special (S) precaution
conditions

Lavy et al. (1987)

Range
28–1700 μg/L
86–490 μg/L
ND–97 µg/L
0.85–58 μg/L
ND–1.8 µg/L
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2,4-Dichlorophenoxyacetic acid

No. of
exposed
individuals

Country,
year

Job/process

USA, NR

Aerial
crew, forest
applications

Media

Urine, 2,4D excreted

No. of
exposed
individuals

Results

3

Pilots: mean, 19.8
(N) and 8.5 (S) µg/
kg per day
Mechanics: mean,
5.45 (N) and 3.01
(S) µg/kg per day
Mixer/loaders:
mean, 19.6 (N) and
14.0 (S) µg/kg per
day
Supervisors: mean,
2.31 (N) and 0.13
(S) µg/kg per day
Observers: mean,
0.49 (N) and 0.09
(S) µg/kg per day

3
3

3
6
Farmworkers
USA,
2000–02

USA, 1996

Farm
applicators

Custom
agricultural
applicators

Urine
(GM)
Handloading
Bodyloading
Personal
air
Urine
(GM)
Handloading
Body
patches
Personal
air

Mean

Comments/additional data

Reference

24 h urine samples collected;
total amount excreted from the
application day and the following
5 days, reported here for normal
(N) and special (S) precaution
conditions

Lavy et al. (1982)

68 broadcast and hand-spray
applicators with 24 h postapplication urine; hand-loading,
body-loading estimates; air
measurements; estimated total
absorbed doses for 14 applicators
using application day and after 4
days of 24 h urine collection

Thomas et al.
(2010a)

Range

68

25 µg/L

1.6–970 µg/L

68

0.39 mg

ND–22 mg

68

2.9 mg

0.02–880 mg

68

0.37 µg/m3

ND–10 µg/m3

15
15

58 nmol/L
[12.8 µg/L]
–

ND–2600 nmol/L
[ND–575 µg/L
1.3–4300 µg/sample

15

–

5–7 24 h urine samples during
6-wk period; estimated amount
excreted in 24 h; air, hand-wipe
and body-patch samples for 2,4-D
0.3–6200 µg/sample 2-ethylhexyl ester

15

–

0.06–2.4 µg/m3

Hines et al. (2001,
2003)
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Table 1.2 (continued)

Table 1.2 (continued)
Country,
year

Job/process

Canada,
1981–82

Farm
applicators

Media

No. of
exposed
individuals

Results
Mean

Range

Urine, 2,4D excreted
Handloading
Bodyloading

6

–

215–6258 µg

6

–

10–8840 µg

6

–

1.9–1699 mg

USA, 2000–1

Farm
applicators

Urine
(GM)

34

71.9 µg/L

1.5–2236

USA, 2001

Farm
applicators
and nonfarmers

Urine
(GM)

8

–

Urine

4

Farmers spraying:
2,4-D: 13 µg/L
Farmers not
spraying 2,4-D:
0.48 µg/L
Non-farmers:
0.29 µg/L
First 24 h sample:
GM,
5.36 µg/L; median,
6.0 µg/L; mean,
27.6 ± 72.5 µg/L
Second 24 h sample:
GM,
9.9 µg/L; median,
12.0 µg/L; mean,
40.8 ± 91.1 µg/L
8000 µg/L

Air,
personal

4

24 h excretion: 9 mg –
–
100–200 µg/m3

14
23

Canada, 1996 Farm
applicators

Urine

43

Sweden, NR

Tractor spray
applicators

Reference

6 ground-rig spray applicators
(one sampled three times); 24 h
urine samples collected 4–7 days
during/after application; total
excreted 2,4-D calculated; handwash and dermal-patch samples
for estimated dermal exposures
Boom-spray applicators;
maximum 24 h urine
concentrations during 4-day
application and post-application
period
Urine samples collected 1–5 days
after application and again 4 wk
later

Grover et al. (1986)

126 spray applicators using 2,4-D
or MCP for first time during
growing season; two 24 h urine
samples collected from start of
application; results reported here
for 43 farmers using 2,4-D

Arbuckle et al.
(2002, 2005)

Alexander et al.
(2007)

Curwin et al.
(2005a)

–

ND–410 µg/L

ND–514 µg/L

3000–14 000 µg/L

Urine samples during working
Kolmodin-Hedman
week and after exposures, personal & Erne (1980)
air samples
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2,4-Dichlorophenoxyacetic acid

43

–

Comments/additional data

Country,
year

Job/process

USA, 2003–4

Lawn turf
applicators

USA,
1994–95

USA, 1980

Media

No. of
exposed
individuals

Results

Urine

135

County
noxious weed
officers

Urine

31

Mass excreted
0.1–3658 µg
during 24 h:
median, 14.6 µg
Creatinine-adjusted 0.2–3001 µg/g
concentrations for
samples > LOD:
median, 10.2 µg/g
Mean,
0.07–2858 µg/L
259 ± 432 µg/L;
median, 94.1 µg/L

Pasture spray
application

Urine

2

Urine

2

Hand
loading
Truck cab
air

Mean

Comments/additional data

Reference

Range

–

Crew A driver
and sprayer: 1000
and 1300 µg/L
respectively at 24 h
Crew B driver
and sprayer: 4100
and 2800 µg/L
respectively at 24 h
–

1.2–18 mg

–

–

1.2–2.2 µg/m3

Sprayers sampled across two
Harris et al. (2010)
herbicide and one insecticide spray
seasons; two consecutive 24 h
urine samples collected during
herbicide spraying; not all sprayers
used 2,4-D
Seasonal county agricultural
Bhatti et al. (2010)
noxious-weed control applicators;
overnight (approx. 12 h) urine
samples collected every other week
during season
2 drivers and 2 sprayers using
Draper & Street
truck-mounted spray system
(1982)
for pasture land; morning void
urine collected for 3 days after
application; air samples collected
in truck cab; hand rinse; crew A
had single application, crew B had
multiple applications
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Table 1.2 (continued)

Table 1.2 (continued)
Country,
year

Job/process

Canada,
1979–80

Right-of-way
applicators

United
Kingdom,
1983

Mixing/
loading

Media

No. of
exposed
individuals

Results
Mean

Range

Urine

12

0.04–8.15 mg/kg

Urine

7

Urine

3

Air

12

Air

3

Dermal
exposure

3

Roadside
gun sprayers:
1.42 ± 1.76 mg/kg
Sprayers in
Kapuskasing:
6.16 ± 7.69 mg/kg
Mist-blower
sprayers:
2.55 mg/kg
Roadside
gun sprayers:
7.1 ± 4.9 µg/m3
Mist-blower
sprayers:
55.2 ± 30.7 µg/m3
Tractor-mounted:
102, 244, 122 mg
Knapsack: 13.2,
11 mg
Tractor mounted:
33.7, 38.9, 90.2 mg
Knapsack: 159,
89 mg

2
Spraying

Dermal
exposure

3
2

Comments/additional data

0.27–32.74 mg/kg

Reference

Electric right-of-way vehicle or
Libich et al. (1984)
backpack hand-spray applicators;
urine collected in morning and
afternoon, then combined weekly
on Thursdays and daily during airsampling week

0.44–5.07 mg/kg
1.0–19.5 µg/m3
16.2–91.3 µg/m3
3 tractor-mounted and 2 knapsack
sprayers with six replicates each;
whole-body dermal dosimetry

Abbott et al. (1987)

2,4-Dichlorophenoxyacetic acid
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Country,
year

Job/process

Malaysia, NR

Paddy spray
applicators

Media

No. of
exposed
individuals

Results

Personal
air

NR

Dermal
exposure

NR

Manual sprayers:
0.027 ± 0.019 µg/L
Motorized sprayers:
0.038 ± 0.0028 µg/L
Manual spray
with proper PPE:
37.8 ± 22.9 ppm
Manual spray
without
proper PPE:
86.1 ± 53.4 ppm
Motorized spray
with proper PPE:
21.8 ± 9.3 ppm
Motorized
spray without
proper PPE:
45.7 ± 20.3 ppm
38.2% with 2,4-D
levels > LOD (LOD
= 210 µg/L)
16% with levels
> LLOQ (LLOQ
= 50 µg/L)
For 60 people with
samples > LLOQ:
GM, 1.28 (range,
0.52–18.6) µg/L
2,4-D detection
for 37.5% [75th
percentile,
0.66 µg/L (range,
ND–598 µg/L)]

USA, 2010

Farmworkers

Urine

361

Thailand,
2006

Farmers

Urine

136

Mean

Comments/additional data

Reference

Paddy spray applicators using
manual or motorized knapsack
sprayers; dermal exposures
estimated from DREAM model

Baharuddin et al.
(2011)

Farmworkers exposed to multiple
chemicals

Raymer et al. (2014)

Farmers in two communities;
21 reported use of a 2,4-D
product but urine collection
was not specifically timed to an
application; mixed-crop farmers
had higher detection rates for
2,4-D

Panuwet et al.
(2008)

Range

2,4-D, 2,4-dichlorophenoxyacetic acid; DREAM, dermal exposure assessment method; GM, geometric mean; LLOQ, lower limit of qualification; LOD, limit of detection; MCP,
4-chloro-2-methylphenoxyacetic acid; NC, not calculated; ND, not detected; NR, data not reported; PPE, protective personal equipment
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Table 1.2 (continued)

2,4-Dichlorophenoxyacetic acid
2010a). Urine samples from farmers in Thailand
who were not specifically linked to crop application had a 75th percentile concentration of
0.66 µg/L (median levels were < LOD) (Panuwet
et al., 2008). Professional lawn-turf applicators
had urinary concentrations ranging from 0.2 to
3001 µg/g creatinine, with a median of 10.2 µg/g
creatinine; the range of excreted mass during
24 hours ranged from 0.1 to 3658 µg, with a
median value of 14.6 µg (Harris et al., 2010).
Professional right-of-way pesticide applicators
had mean urinary concentrations ranging from
0.04 to 32.74 mg/kg, with means of 1.42 and
6.16 mg/kg for two groups of sprayers (Libich
et al., 1984).
Several studies of different occupations
reported measurements of 2,4-D in air, handwipe, or body-loading samples (KolmodinHedman & Erne, 1980; Draper & Street, 1982;
Kolmodin-Hedman et al., 1983; Libich et al.,
1984; Grover et al., 1986; Abbott et al., 1987;
Knopp, 1994; Hines et al., 2001; Thomas et al.,
2010a; Baharuddin et al., 2011).
Exposures in farm applicators appear to have
been higher during the 1980s than during the
2000s, but firm conclusions could not be drawn
due to the small number of studies available.
(c)

Para-occupational exposure

Indirect or para-occupational exposure has
been measured in several studies, particularly
those involving 2,4-D herbicide spraying on
farms, and in farmworker families (Table 1.3).
For children of farmers who reported having
carried out 2,4-D spray applications, GM urine
concentrations ranged from 0.4 to 4.9 µg/L
(Arbuckle et al., 2004; Alexander et al., 2007;
Rodríguez et al., 2012). For spouses of farmers
who reported having carried out 2,4-D spray
applications, GM or median urinary concentrations ranged from < LOD to 1.7 µg/L (Arbuckle
& Ritter, 2005; Alexander et al., 2007; Jurewicz
et al., 2012). In a study of children of farmworkers,
the median urinary biomarker concentration

was 0.14 µg/L (Arcury et al., 2007). One study
measured 2,4-D in house dust at farms where
2,4-D had been applied in the previous 30 days
(adjusted GM, 730 ng/g) compared with farms
where no spraying had been applied (adjusted
GM, 850 ng/g) and with non-farm homes
(adjusted GM, 320 ng/g) (Curwin et al., 2005b).
[One explanation for the higher concentration of
2,4-D in house dust on farms where no spraying
had been carried out compared with farms where
spraying was reported to have been undertaken
may be that 2,4-D is also widely used on lawns
and may be tracked into homes. A second reason
is that the ester forms of 2,4-D are often used in
agriculture in Iowa, and the study method measured only the acid form.] In the United States
Agricultural Health Study (AHS), a longitudinal
set of urine samples was collected for 1 year
from 30 corn farmers and from 10 non-farmers
(controls) (Bakke et al., 2009). For farmers,
mean 2,4-D concentrations during pre-planting/
off-season, planting, and growing/post-harvest
periods were 2.9, 22.9, and 7.8 µg/g creatinine,
respectively, while mean 2,4-D concentrations
for controls during these periods were 0.5, 1.35,
and 0.37 µg/g creatinine, respectively. These data
suggested that farmers may be exposed to pesticides at higher levels than controls, even when
pesticides are not being actively applied.

1.4.2 Environmental occurrence and
exposure in the general population
Exposures of the general population may
result from the presence of 2,4-D in house dust,
food, air, water, and soil. In some areas, residential exposures may be related to use of 2,4-D on
lawns, providing a nearby source for direct exposure and tracking into the home. Exposures may
occur through inhalation, dermal absorption,
and ingestion (Health Canada, 2010).
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Country/year Number of samples/setting

Media

Results

Comments/additional data

Reference

Canada, 1996

92 children (aged 3–18 yrs) of
farm 2,4-D or MCPA spray
applicators

Urine

60 farmworkers’ children
(aged 1–6 yrs)
Rural schoolchildren; 208
urine samples from 77
children unrelated to 2,4-D
application; 3 samples after
parental application of 2,4-D
34 spouses and 53 children
(aged 4–17 yrs) of farm
applicators of 2,4-D spray

Urine

Canada, 1996

9.8–14.1% of samples > LOD;
data not reported separately
for the children of the 43 2,4D applicators
41.7% of samples > LOD; no
information about 2,4-D use
Study also included data for
parental hours and kg a.i. of
2,4-D used for five periods
from pre-conception until
8–10 yrs
Maximum 24 h urine
concentrations during
4-day application and postapplication period
7.0–14% of samples > LOD;
data not reported separately
for the spouses of the 43 2,4D applicators

Arbuckle et al.
(2004)

USA, 2004

First 24 h sample: mean, 0.9 ± 1.4 (max., 12)
µg/L
Second 24 h sample: mean, 1.9 ± 10.4 (max.,
100) µg/L
Median, 0.14 µg/L

Poland, NR

Nicaragua,
2008

USA, 2000–1

USA,
2002–03

USA, 2001

Urine

Unrelated to application: GM, 0.5 (max., 7.4)
µg/L
Related to application: GM, 0.4 (max., 0.5)
µg/L

Urine

Children: GM, 4.9 µg/L; range, ND–640 µg/L
Spouse: GM, 1.7 µg/L; range, 0.5–24.9 µg/L

125 spouses of farm
applicators of 2,4-D or
MCPA spray

Urine

13 spouses of farm
applicators of 2,4-D spray
30 farmers, 10 non-farmers;
longitudinal collection of
urine samples during 1 yr

Urine

House dust collected from
2 farm homes sprayed with
2,4-D in preceding 30 days; 3
farms with no 2,4-D sprayed;
6 non-farm homes

House dust
(adjusted
GM)

First 24 h: GM, 0.6; median, < 1 µg/L; max.,
61 µg/L; mean, 1.32 ± 5.6 µg/L
Second 24 h: GM, 0.66; median, < LOD (max.,
100) µg/L; and mean, 2.0 ± 9.7 µg/L
Day after application: mean, 3.8 (95% CI,
0.6–8.5) µg/L
Farmer pre-planting/off-season, planting,
growing/post-harvest periods: mean, 2.9, 22.9,
and 7.8 µg/g creatinine, respectively
Non-farmer pre-planting/off-season, planting,
growing/post-harvest: mean, 0.5, 1.35, and
0.37 µg/g creatinine, respectively
2,4-D detected in 100% of the farm and nonfarm home samples:
Farms sprayed with 2,4-D: 730 ng/g
No 2,4-D sprayed: 850 ng/g
Non-farm homes: 320 ng/g

Urine

Arcury et al.
(2007)
Rodríguez et al.
(2012)

Alexander et al.
(2007)
Arbuckle & Ritter
(2005)
Jurewicz et al.
(2012)
Bakke et al. (2009)

Dust collected from multiple
locations in interiors of
homes during each of two
visits

Curwin et al.
(2005b)

a.i., active ingredient; 2,4-D, 2,4-dichlorophenoxyacetic acid; GM, geometric mean; LOD, limit of detection; max., maximum; ND, not detected; NR, data not reported; yr, year

IARC MONOGRAPHS – 113

388

Table 1.3 Para-occupational exposure to 2,4-D

2,4-Dichlorophenoxyacetic acid
(a)

Water

2,4-D may occur in water as a result of direct
aquatic uses; from agricultural, forestry, rightof-way, or turf land applications; through application-spray drift; or from atmospheric deposition.
Concentrations of 2,4-D in water have been
measured for drinking-water supplies, surface
water, ground water, and for specific application
catchment areas (Table 1.4). In a study of drinking-water supplies in Mexico, 2,4-D concentrations for samples above the detection limit
ranged from 0.005 to 0.0038 µg/L (Félix-Cañedo
et al., 2013). Detection rates for 2,4-D in surface
waters varied widely, with overall concentrations
ranging from ND to 14.4 µg/L, and central measures typically < 0.05 µg/L (Phillips & Bode, 2004;
Konstantinou et al., 2006; Woudneh et al., 2007;
Aulagnier et al., 2008; Loos et al., 2009; Loos et al.,
2010b; Glozier et al., 2012; Herrero-Hernández
et al., 2013; Tagert et al., 2014). 2,4-D in surface
water was found to be associated with agricultural use and, in some cases, was found in urban
areas probably as a result of lawn and other turf
uses. In a study of ground-water samples from 23
European countries, 2,4-D was detected in only
3.7% of the samples, with a maximum value of
0.012 µg/L (Loos et al., 2010a). Under the United
States Geological Survey National Water Quality
Assessment Program in 1992–2001, 2,4-D was
detected at a frequency of 13% in 1465 samples
collected from 62 agricultural surface-water
sites, and 13% in 523 samples collected from 19
urban surface-water sites, based on a detection
limit of 0.08 µg/L (USGS, 2006). Concentrations
at the 90th percentile were 0.11 and 0.16 µg/L,
respectively. In ground-water samples in Ireland,
the mean 2,4-D concentration was 0.001 µg/L
(range, 0.002–0.007 µg/L) (McManus et al., 2014).
In a study of surface-water inflow and outflow
from a managed turf golf course, the outflow
2,4-D concentration (median, 0.85 µg/L) was
significantly higher than the inflow concentration (median, 0.31 µg/L) (King & Balogh, 2010).

(b)

Soil

2,4-D is likely to be found in soil in areas
where it is applied as an herbicide; however,
dissipation/degradation rates have been found to
be relatively rapid for most soil types and conditions. While there are many studies published
measuring dissipation rates in soils, no publications were found reporting on broad surveys
of 2,4-D in soil relevant for assessing the potential for human exposure. One study did report
2,4-D concentrations in soil in 134 home yards
in North Carolina and Ohio, USA (Morgan et al.,
2008). While most measurements were below the
limit of detection, the 95th percentile values were
1.8–4.6 ng/g, with maximum values ranging
from 13.3 to 30.5 ng/g.
(c)

Residential dust

2,4-D is frequently detected in house dust,
with overall concentrations ranging up to
21 700 ng/g, and ranges of GMs, medians, or
means from 47.5 to 1035 ng/g (Hartge et al., 2005;
Ward et al., 2006; Morgan et al., 2008; Metayer
et al., 2013; Deziel et al., 2015; Table 1.5). Surface
loading values in homes after lawn applications
ranged from 0.05 to 228 µg/m2 in one study
(Nishioka et al., 2001).
(d)

Air

2,4-D may occur in outdoor air as a result of
application-spray drift, volatilization of applied
herbicides, and atmospheric suspension of 2,4-D
containing soil and dust. 2,4-D in indoor air
may result from tracking-in of 2,4-D in dusts
and soils, and from direct intrusion of outdoor
air. Concentrations of 2,4-D in outdoor air have
been measured in agricultural areas, and in
residential indoor and outdoor air (Table 1.6).
Several studies in the Canadian prairies measured 2,4-D in outdoor air, with overall ranges of
ND–2.73 ng/m3, and with mean values ranging
from 0.059 to 0.44 ng/m3 (Waite et al., 2005; Yao
et al., 2006; Aulagnier et al., 2008). The highest
389

Country/year of
sampling

Number of samples/setting

Results

Comments

Reference

2,4-D measurement data
compiled from literature for 8
rivers
42 ground-water samples
collected from 7 locations

Range of minimum concentrations, ND–
0.040 µg/L; range of maximum concentrations,
0.012–1.2 µg/L
2,4-D: mean, 0.001 (range, 0.002–0.007) µg/L
DCP: mean, 0.001 (range, 0.001–0.004) µg/L
PAC: mean, 0.456 (range, 0.015–4.15a) µg/L

2,4-D was detected at least
once in 7 out of 8 rivers

Konstantinou et al.
(2006)
McManus et al. (2014)

Spain, 2011

7 surface-water samples from
Ebro river and tributaries; 32
ground-water samples from 3
areas of the La Rioja vineyard
region

Europe

122 surface water samples from
> 100 European rivers in 27
countries
164 ground water samples from
23 European Countries
73 Danube River and 23
tributary river surface water
samples across 10 countries

Rioja Alta: surface water, mean, 0.045 (range,
0.023–0.068) µg/L; ground water, mean, 0.128
(range, 0.046–0.177) µg/L
Rioja Baja: surface water, mean, 0.022 (range,
0.020–0.024) µg/L; ground water, mean, 0.031
(range, 0.026–0.034) µg/L
Rioja Alavesa: ground water, mean, 0.048
(range, 0.034–0.067) µg/L
Detection in 52% of samples; median, 0.003
µg/L; mean, 0.022 µg/L; max., 1.221 µg/L

PAC is a transformation
product or impurity of 2,4-D
and MCPA
DCP is a transformation
product of 2,4-D
2,4-D was detected in 33% of
the water samples

Europe
Greece, 1988–
2000
Ireland, 2012

Europe, 2008
Europe, 2007

Central America
Mexico, 2008–9

Drinking-water samples from
7 wells, 4 dams, and 15 mixing
tanks for surface and groundwater sources supplying 60% of
Mexico City water

Herrero-Hernández et
al. (2013)

Loos et al. (2009)

Detection in 3.7% of samples; max., 0.012 µg/L

Loos et al. (2010a)

Detection in 94% of Danube River samples;
median, 0.01 (max., 0.055) µg/L
Detection in 72% of tributary rivers; median,
0.003 (max., 0.188) µg/L

Loos et al. (2010b)

In mixed water: range, 0.005–0.038 µg/L

2,4-D was found in 20% of the
mixed water; 2,4-D was not
detected in well and groundwater samples

Félix-Cañedo et al.
(2013)
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Table 1.4 Concentration of 2,4-D in water

Table 1.4 (continued)
Country/year of
sampling
North America
Canada, 2003–5

Canada, 2004

Canada, 2007

Number of samples/setting

Results

Comments

Reference

Surface water collected from
2 reference, 5 agricultural, 2
urban, and 5 mixed agricultural/
urban sites

Agricultural sites: range of means, 0–0.044
(overall range, 0–0.345) µg/L
Urban sites: range of means, 0.005–0.020
(overall range, 0.002–0.063) µg/L
Mixed agricultural/urban sites: range of means,
0.008–0.357 (overall range, 0.002–1.23) µg/L
2,4-D was detected in one (June) out of
5 monthly samples, at a concentration of 0.007
µg/L

2,4-D not detected at reference
sites

Woudneh et al. (2007)

2,4-D detected in > 80% of prairie and urban
river samples; across all urban samples; mean,
0.172 µg/L; max., > 0.8 µg/L

2,4-D concentrations
increased from upstream
to downstream across
urban sites; highest 2,4-D
concentrations were found in
summer; 2,4-D concentrations
were significantly 2–3 times
higher after rain
Highest 2,4-D concentrations
measured during stormflow
conditions

Glozier et al. (2012)

Based on LOD of 0.08 µg/L
in the USGS National Water
Quality Assessment Program

USGS (2006)

Outflow concentration was
significantly higher than
inflow

King & Balogh (2010)

Monthly precipitation samples
collected over 5 months at an
agricultural site in the Yamaska
River Basin, Quebec
National survey of 19 sites in 16
urban river watersheds across
Canada, including Pacific,
prairies, Ontario, Quebec, and
Atlantic groupings

Surface-water samples from
Kisco and Middle Branch of
Croton Rivers

USA, 1992–2001

1465 samples from 62 surfacewater sites in agricultural areas,
523 samples from 19 surfacewater sites in urban areas

USA, 2003–8

Surface water inflow and outflow
from a managed turf golf course

USA, 2002–3

Surface-water samples collected
from 7 sites in the upper Pearl
River basin

Kisco river: 64% of samples > LOD = 0.08 µg/L;
32% > 0.1 µg/L; max., 24 µg/L
Middle Branch Croton River: 50% of samples
> LOD; 13% > 0.1 µg/L; max., 0.39 µg/L
Detection frequency of 13% in water from
agricultural areas, and 13% in water from urban
areas
Concentrations at 90th percentile: 0.11 µg/L in
water from agricultural areas; and 0.16 µg/L in
water from urban areas
Inflow: median, 0.31 µg/L
Outflow: median, 0.85 (max., 67.1) µg/L
Median, 0.17 (range, 0.10–14.4) µg/L

Phillips & Bode (2004)

Tagert et al. (2014)

Extrapolated concentration
2,4-D, 2,4-dichlorophenoxyacetic acid; DCP, 2,4-dichlorophenol; LOD, limit of detection; max., maximum; MCPA, 4-chloro-2-methylphenoxy acetic acid; ND, not detected; PAC,
phenoxyacetic acid
a
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2,4-Dichlorophenoxyacetic acid

USA, 2000–1

Aulagnier et al. (2008)

Country/year of
sampling

Number of samples/setting

Results

USA, 2001–7

House dust collected from
277 homes of children with
leukaemia, and 306 control
homes
House dust collected in 333
control homes in a case–control
study
House dust from 112 home
subset of NHL case–control
study

2,4-D was detected in 98% of homes; median,
102 ng/g; 75th percentile, 419 ng/g

Deziel et al., 2015

2,4-D was detected in > 92% of homes; mean,
831 ± 6041 ng/g

Metayer et al. (2013)

House dust from 66 homes in
NC and 62 homes in OH
House dust from 510 control
homes in a NHL case–control
study
House indoor-air and surfacewipe and vacuum samples
collected at 11 occupied and 2
unoccupied homes during week
before application and week after
application of 2,4-D

OH: median, 156 (range, < LOD–21 700) ng/g
NC: median, 47.5 (range, < LOD–7390) ng/g
For control homes: 110 homes < LOD; 161
homes < 500; 59 homes, 500–599; 162 homes,
1000–9999; and 18 homes, > 10 000 ng/g
Mean 2,4-D concentrations on particles
in air ranged from approx. 1 to 10 ng/m3,
with differences between particle size and
collection period; 2,4-D surface loadings
ranged from 0.05 to 228 µg/m2 for carpets,
with lower values for bare floors, tables, and
window sills

USA, 2001–7
USA, 1998–2000

USA, 2000–6
USA, 1998–2000
USA, NR

2,4-D detected in 95% of homes; GM,
1035 ng/g

Comments

Total crop acreage within
750 m of home was significantly
associated with increased 2,4-D
concentration

Reference

Ward et al. (2006)

Morgan et al. (2008)
Hartge et al. (2005)
Exposures to young children
were estimated to be: median,
1.37 (max., 1.94) µg/day preapplication and 2.42 (max., 8.87)
µg/day post-application; track-in
factors were important

Nishioka et al. (2001)

2,4-D, 2,4-dichlorophenoxyacetic acid; GM, geometric mean; LOD, limit of detection; OH, Ohio; NC, North Carolina; ND, not detected; NHL, non-Hodgkin lymphoma
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Table 1.5 Concentrations of 2,4-D in residential dust

Table 1.6 Concentrations of 2,4-D in air
Country/year
of sampling

Number of samples/setting

Results

Comments

Reference

Canada, 2004

Weekly and monthly outdoor
air samples over 5 months
at an agricultural site in the
Yamaska River basin
Weekly outdoor air samples
collected at 8 sites in
agricultural and receptor
regions over 1 or 3 months
6 weekly outdoor air samples
at 4 sites on a 500-km
north–south transect in
Saskatchewan
4 outdoor air samples collected
at an urban site, and 5 air
samples collected at a rural site
18 sites nationwide, air and
precipitation samples collected
once during each 4-week
period for 2 yrs; weekly
samples collected at three sites
Home indoor and outdoor air
at 66 homes in North Carolina
and 67 homes in Ohio

Detection in 38% of the May–June weekly air
samples; mean, 0.44 (range, < LOD–1.31) ng/m3

2,4-D not detected in any of the
monthly air samples collected
July–September

Aulagnier et al.
(2008)

At three prairie sites, means ranged from 0.059 to
0.331 (overall range, ND–1.46) ng/m3

Highest 2,4-D concentrations
were found during typical weeks
of application

Yao et al. (2006)

Across all sites: mean, 0.35 ng/m3, median,
0.15 ng/m3; max., 2.73 ng/m3

Highest 2,4-D concentrations
were found during typical weeks
of application

Waite et al. (2005)

Urban site: range, ND–11 ng/m3
Rural site: range, ND–37 ng/m3

Concentrations in gas plus
particle phase reported

Baraud et al. (2003)

2,4-D was not detected in any air samples
Detection in 9% and 31% of precipitation samples in
2000 and 2001 respectively, with means of 0.8 and
1.9 ng/L

Deposition amounts to soil and
surface waters were estimated

Duyzer & Vonk
(2003)

Canada, 2003

Canada, 2002

France, 2001
Netherlands,
2000–1

USA, 2000–1

Home indoor air collected at
11 occupied and 2 unoccupied
homes during pre-application
and post-application week

Morgan et al. (2008)

Homeowner and pet track-in
were significant factors for
intrusion; resuspension of floor
dust was the major source of
2,4-D in air

Nishioka et al. (2001)
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2,4-D, 2,4-dichlorophenoxyacetic acid; LOD, limit of detection; max., maximum; ND, not detected; NR, not reported; PM12.5, particulate matter with a diameter of ≤ 2.5 µm; PM10,
particulate matter with a diameter of ≤ 10 µm

2,4-Dichlorophenoxyacetic acid

USA, year NR

North Carolina, indoor air: 75th percentile,
0.8 ng/m3; max., 3.7 ng/m3
Ohio, indoor air: 75th percentile, 0.8 ng/m3; max.,
2.0 ng/m3
North Carolina, outdoor air: 75th percentile,
< LOD; max., 1.7 ng/m3
Ohio, outdoor air: 75th percentile, 0.3 ng/m3; max.,
3.2 ng/m3
Mean indoor 2,4-D concentrations associated
with PM2.5 particles ranged from approximately
0.7–3.9 ng/m3 during application and
0.8–1.5 ng/m3 3 days after application; mean
indoor 2,4-D concentrations associated with PM10
particles ranged from approximately 4.2–9.6 ng/m3
during application, and 1.8–3.4 ng/m3 3 days after
application
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concentrations were observed during weeks
when 2,4-D was typically applied. In France,
outdoor air concentrations ranged from ND
to 11 ng/m3 in an urban location, and ND to
37 ng/m3 in a rural location (Baraud et al., 2003).
In a 2-year nationwide monitoring campaign in
the Netherlands, 2,4-D was not detected in air,
but was detected in precipitation, with mean
concentrations of 0.8 and 1.9 ng/L in 2000 and
2001, respectively (Duyzer & Vonk, 2003). In
two states in the USA, 75th percentile concentrations of 2,4-D in indoor residential air were
each 0.8 ng/m3, with maximum concentrations ranging from 2.0 to 3.7 ng/m3 (Morgan
et al., 2008). In the same study, outdoor residential air concentrations of 2,4-D at the 75th
percentile ranged from ND to 0.3 ng/m3, with
maximum values ranging from 1.7 to 3.2 ng/m3.
In other homes with lawn-turf applications,
2,4-D concentrations associated with indoor
particulate matter of aerodynamic diameter
< 2.5 μm (PM2.5) ranged from approximately
0.7 to 3.9 ng/m3 during application, and 0.8 to
1.5 ng/m3 3 days after application. Mean indoor
2,4-D concentrations associated with particulate matter of aerodynamic diameter < 10 μm
(PM10) ranged from approximately 4.2–9.6 ng/m3
during application, and 1.8–3.4 ng/m3 at 3 days
after application (Nishioka et al., 2001).
(e)

Food

2,4-D residues may be found in some food
commodities as a result of use of 2,4-D in agriculture. In 2015, the European Food Safety
Authority (EFSA) reported the results of the
control activities related to pesticide residues in
food carried out in 2013 in the European Union
member states, Norway and Iceland (EFSA,
2015). As part of this monitoring programme,
2,4-D was analysed in 2756 food samples and
found to be above the LOQ for a single result; the
measured concentration of 2,4-D in one lettuce
sample was 0.075 mg/kg, and thus higher than
the maximum residue level (MRL) of 0.05 mg/kg.
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EFSA reported results from residue trials for
several plant commodities, with all results being
less than the proposed MRLs (EFSA, 2011).
Duplicate diet studies provide the most relevant information regarding potential human
exposures, accounting for the wide variety of
combined foods consumed, and also processing
and cooking factors. However, only one duplicate diet study measuring 2,4-D was available
(Morgan et al., 2008; Table 1.7). In this study,
2,4-D was not detected in more than half of
the duplicate diet samples for children and
adult caregivers. The 75th percentile levels for
solid foods ranged from 0.4 to 0.9 ng/g, with
maximum levels ranging from 3.7 to 20.2 ng/g.
The maximum levels for liquid foods/beverages
ranged from 0.2 to 0.8 ng/g.
(f)

Biological markers

Several studies have examined exposures to
2,4-D in the general population through measurement of 2,4-D in the urine (Table 1.8). The
National Health and Nutrition Examination
Survey (NHANES) in the USA provides representative population biomonitoring data for
2,4-D for several age groups, with GM values
ranging from 0.288 to 0.385 µg/L, and 95th
percentile values ranging from 1.12 to 2.08 µg/L
(CDC, 2015). A study of children in Thailand
found overall concentrations of 2,4-D in the
urine ranging from 0.09 to 1.87 µg/g creatinine,
and GMs for different groups ranging from 0.17
to 0.21 µg/g creatinine (Panuwet et al., 2009). In a
study of children in Puerto Rico, the frequency at
which 2,4-D in the urine was found to be greater
than the LOD was 11.8%, and the maximum
value was 0.9 µg/L (Lewis et al., 2014). For children in two states in the USA, the overall 2,4-D
concentration in urine was < LOD – 12.5 µg/L,
with median values of 1.2 and 0.5 µg/L in the
two states (Morgan et al., 2008). For homeowner
lawn/garden applicators and bystanders living
in the home, the amount of 2,4-D excreted after
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Table 1.7 Concentrations of 2,4-D in food
Country/year
of sampling

Number of samples/setting

Results

Comments

Europe, 2013

2756 food samples analysed
for 2,4-D

Europe, NR

Residue trial results for 13
plant commodity types

USA, 2000–1

Solid-food duplicatediet samples collected
from children and adult
caregivers at 66 homes in
North Carolina, and 69
homes in Ohio

Only one food (lettuce) had a 2,4D concentration of > LOQ (the
concentration was 0.075 mg/kg)
Median and maximum residue values
of less than the proposed MRL of
0.05 mg/kg for food commodities,
and greater than proposed MRLs
ranging from 0.05 to 50 mg/kg
for grass, straw, and maize forage
commodities
North Carolina, child: 75th
percentile, 0.9 ng/g; max., 4.4 ng/g
Ohio, child: 75th percentile, 0.4 ng/g;
max., 20.2 ng/g
North Carolina, adult: 75th
percentile, 0.9 ng/g; max., 4.0 ng/g
Ohio, adult: 75th percentile, 0.6 ng/g;
max., 3.7 ng/g

Reference
EFSA (2015)
EFSA (2011)

2,4-D detected in
Morgan et al.
< 10% of liquid-food
(2008)
duplicate-diet samples
with maximum values
ranging from 0.2 to
0.8 ng/g

2,4-D, 2,4-dichlorophenoxyacetic acid; LOD, limit of detection; LOQ, limit of quantification; max., maximum; MRL, maximum residue limit;
ND, not detected

application ranged from ND to 7.1 µg/kg bw
(Harris et al., 1992).

1.4.4 Exposure assessment to 2,4-D in
epidemiological studies
The key epidemiological studies evaluated
for 2,4-D in this Monograph can be categorized
as occupational studies of applicators in agriculture settings and farmworkers and one study
in the general population. For classification of
exposure to 2,4-D, cohort and case–control
studies of farmers relied on questionnaire-based
approaches to collect information regarding
pesticide use, work practices, and other important agricultural and lifestyle factors such as
smoking. Two studies re-analysed several of the
case–control studies, applying techniques to
consider the use of multiple pesticides by individuals working in agriculture. A study of farmworkers combined extant geographically based
data on pesticide application for specific crops,
locations, and dates with union-based records

of work history and location information for
individuals. The study of the general population
examined exposure–outcome relationships
using two approaches: (a) questionnaire-based
collection of information about residential use
of herbicide; and (b) measurement of 2,4-D in
house dust as a surrogate indicator of exposure.
There were no epidemiological studies on
cancer that relied on measurement of 2,4-D
biomarkers for exposure categorization. For
2,4-D, however, the elimination half-life after
exposure in humans is short, with ranges of 10–28
hours after an oral dose (Sauerhoff et al., 1977)
and 18–68 hours after a dermal dose of 2,4-D, and
18–87 hours for 2,4-D dimethyl amine (Harris &
Solomon, 1992). Thus, it is usually impractical to
collect adequate numbers of samples to represent
long-term exposures in epidemiological cohorts,
or to implement collection for large numbers
of participants at key time-points such as after
herbicide applications. Biomarker measurement
therefore has not been the primary means of
classifying 2,4-D exposure for research in cancer
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Country/year
of sampling

Subjects/setting

No. of
subjects

Age
(yrs)

Medium

Results

Comments

Reference

USA, 2009–10

NHANES general
population biomonitoring
survey

386

6–11

Urine (μg/L)

Representative population sample for
USA; data also available for earlier
time periods

CDC (2015)

401
1309
651

12–19
20–59
60–
older
2–5

GM: 0.385; and
95th percentile,
1.59
0.301 and 1.12
0.288 and 1.33
0.349 and 2.08

Urine (μg/L)

Indoor air, outdoor air, house dust,
soil, hand wipe, and food data also
available from this study

Morgan
et al. (2008)

Adults

Median, 0.5
(range, < LOD–
3.3)
0.7 (< LOD–5.1)

2–5
Adults
NR

1.2 (< LOD–12.5)
0.7 (< LOD–8.1)
Range, < LOD–7.1

Samples collected for 96 h after
application

Harris et al.
(1992)

Spot urine samples at approx. 20, 24,
and 28 weeks of gestation
ORs for 2,4-D detection were
significantly elevated for
consumption of collard greens and
spinach in previous 48 h
Urine first morning void samples
collected
No significant differences in urine
2,4-D for agricultural vs nonagricultural families, or boys vs girls

Lewis et al.
(2014)

USA, 2000–1

USA, NR

Children and their adult
caregivers in North
Carolina and Ohio

Homeowner lawn/
garden applicators and
bystanders living in home

Puerto Rico,
2010–12

Pregnant women

Thailand, NR

Children from
parents with different
occupations:
Farmer
Merchant and trader
Government and
company employee
Labourer

66 (North
Carolina)
66 (North
Carolina)
69 (Ohio)
69 (Ohio)
24
(applicators)
24
(bystanders)
152

NR
18–40

Urine (total
amount 2,4-D
secreted) (μg/kg
bw)
Urine (μg/L)

No measurable
levels
> LOD in 11.8%
of samples; 95th
percentile, 0.6
Max. value, 0.9

Urine (μg/g
creatinine)
60

12–13

39
52

12–13
12–13

GM, 0.21 (range,
0.13–1.08)
0.21 (0.09–0.43)
0.17 (0.10–0.38)

56

12–13

0.19 (0.12–1.87)

Panuwet
et al. (2009)

2,4-D, 2,4-dichlorophenoxyacetic acid; GM, geometric mean; LOD, limit of detection; max., maximum; ND, not detected; NR, data not reported; OR, odds ratio; vs, versus; yr, year
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Table 1.8 Exposure to 2,4-D in the general population

2,4-Dichlorophenoxyacetic acid
epidemiology. A recent review summarized relevant studies of 2,4-D biomarker measurement,
and separately summarized exposure metrics
in more recent epidemiological investigations of
2,4-D and cancer (Burns & Swaen, 2012).
This section provides an assessment of the
strengths and weaknesses of the exposure assessment and assignment methods used in the key
epidemiological studies that were evaluated by
the Working Group. The detailed discussions of
limitations in exposure assessment in the epidemiological investigations described here should
not be construed to suggest that these studies
are inferior to others in the literature. In fact,
in many ways the studies described here have
improved on pesticide exposure assessment in
this discipline when compared with many studies
that relied on less specific exposure-classification
categories, such as “farmer” or any non-specific
pesticide use.
(a)

Studies of occupational exposure

Several studies were based on reported
application of 2,4-D in agricultural settings.
Exposure assessment in these studies relied on
questionnaire-based approaches for reporting
use of 2,4-D, together with reporting of factors
potentially affecting exposures. Two cohort
studies included farm applicators who reported
their lifetime use of 2,4-D (Alavanja et al., 2004;
Koutros et al., 2013). Three case–control studies
included participants who reported using 2,4-D
(Brown et al., 1990; Zahm et al., 1990; McDuffie
et al., 2001). Three studies performed additional
analyses of data from case–control studies to
examine joint exposures to multiple pesticides
and pesticide classes (Cantor et al., 1992; De Roos
et al., 2003; Hohenadel et al., 2011). One study
performed additional analyses of data from case–
control studies to examine whether reported
use of the insect repellent N,N-diethyl-metatoluamide (DEET) might result in increased
penetration of 2,4-D through gloves, and thus
increase exposure to 2,4-D (McDuffie et al.,

2005). Another case–control study examined
lympho-haematopoietic cancer in farmworkers,
with proxy data on pesticide-use locations and
amounts combined with work-location history
(Mills et al., 2005).
The two cohort-based studies were from the
AHS, which collected detailed information on
pesticide use and factors potentially affecting
exposure (e.g. spraying techniques, personal
protective equipment, etc.). Based on the detailed
use information, a semi-quantitative exposure-assessment method was developed in which
estimated intensity was combined with years and
annual frequency of use (Dosemeci et al., 2002).
The intensity score was based on development of
an a-priori exposure-intensity algorithm. Several
validity evaluations of the exposure assessment
process have been carried out. These included:
(i) assessment of the reliability of reporting agricultural factors by requiring completion of the
enrolment questionnaires twice, approximately
1 year apart; (ii) confirmatory checks correlating the years in which a pesticide was reportedly used with dates of registered use of that
particular pesticide; and (iii) comparison of the
exposure algorithm with external exposure data.
Agreement between reporting of ever/never use
of specific pesticides and application practices
was high, and generally ranged from 70% to
> 90%. Agreement was lower (typically 50–60%)
for duration or frequency of use of specific
pesticides (Blair et al., 2000). The confirmatory
checks on reported usage of specific pesticides
established that the majority of respondents
provided plausible responses for both decade of
first use and total duration of use (Hoppin et al.
2002). The exposure-intensity algorithm was
evaluated using measurements of 2,4-D urinary
biomarkers in the AHS cohort and in two other
studies (Coble et al., 2005; Acquavella et al., 2006;
Thomas et al., 2010b). When combined, these
studies showed that the AHS algorithm had the
capacity to separate the upper tertiles of exposure intensity from the lower.
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[The Working Group noted that the AHS
had collected very detailed information on
pesticide use and practices, and validation
studies showed these data to be appropriate for
estimating historical exposure to pesticides. In
addition, information on exposure was collected
before disease diagnosis, eliminating the potential for case-recall bias. It is however important
to note that the validity studies were based on
information reported at the time the exposure
surveys were completed, and would not necessarily reflect the recall of information which had
been reported to be good in regard to some but
not all aspects, in particular for data regarding
frequency and duration of use. The exposure
assessment of 2,4-D in the AHS was based on the
baseline questionnaire (1993–1997) that relied
on recall for recent and previous pesticide-use
information. One of the studies also used data
from the follow-up questionnaire (1999–2003)
that used recent recall to update pesticide-use
information. Although use of 2,4-D may be
more readily recalled than use of other less
widely recognized pesticides, the validity of
recalled information is nonetheless unknown.
Furthermore, application procedures and other
factors in the 1950s–1980s may not necessarily
be similar to the parameters addressed in the
AHS exposure algorithm. Moreover, it is likely
that a certain proportion of exposure of farmers
is attributable to non-application circumstances,
such as re-entry, and contaminated work and
home environments. In this regard, the publication by Bakke et al. (2009) based on corn farmers
in Iowa in the AHS is illustrative. In that study,
biological samples taken on non-application days
revealed elevated levels of 2,4-D among farmers
compared with non-farmer controls during the
whole year. These levels, although an order of
magnitude lower than those recorded when the
farmers were applying 2,4-D, still indicated a
notable contribution of non-application days to
cumulative exposure over the year. This consideration is relevant when accounting for the fact
398

that active application by most farmers amounted
to only a few days during the growing season.]
The case–control studies used questionnaire-based approaches to obtain information
on participant use of pesticides in agricultural
settings, including specific pesticides used, days
per year of use, and in one case, year of first use.
Analyses were based on ever/never use of specific
pesticides, with further analyses using categories
of days per year of use for specific pesticides.
[The case–control studies had several
strengths, including collection of information
on specific pesticides including 2,4-D, using
days per year of use to stratify users into categories with higher and lower exposure to 2,4-D,
and collection of information from agricultural users likely to be able to accurately identify specific pesticides such as 2,4-D. Exposure
assessment in the case–control studies also had
several potential limitations. Exposure data were
collected after case diagnosis, leading to potential case-recall bias, and general recall bias for
both cases and controls is possible. The studies
did not collect total years for use of 2,4-D, thus
the lifetime days of use metric could not be used
to develop a better exposure categorization for
distinguishing participants with higher and
lower lifetime exposures. Pesticide-use practice
information was not collected or used to account
for likely differences in exposure intensity. No
validation assessments using exposure measurements were performed, nor was questionnaire-response reproducibility examined.]
The farmworker study used available information on the amount of each pesticide used
on specific crops at every location in the state of
California, USA. The information on pesticide
location and amount was used in combination at
the county level, with farmworker-union payrolldata records that provided work location information on a monthly level to stratify exposures
among the farmworkers over their entire work
history (Mills et al., 2005).
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[The strengths of this research included the
availability of high-quality and very specific
records of pesticides and their amount of use for
all locations and times across several decades.
Use of payroll records that included information of work location removed the possibility of
recall bias for workers trying to remember where
and when they had worked over the many years
of their career. The exposure assessment did,
however, have considerable limitations. It was
not possible to determine a direct match between
participant work location and date with pesticide
application and date. It was not possible to ascertain that participants worked in fields where
2,4-D had actually been applied, since the pesticide-use data and work-location data were linked
only at a county level. There was no information
on re-entry intervals between application and
work dates. 2,4-D would not have been applied
directly to the crops (it was most likely used as a
pre-emergent herbicide) and probably not at any
time that crops were present, so the farmworkers
were unlikely to have had any exposure during
crop picking or exposure to foliar residues. There
was no evidence as to whether 2,4-D residues
were present and accessible in the soil. There was
no information on specific work tasks for specific
locations, so the amount of soil contact could not
be distinguished within and between individuals
over time. There were no measurement studies
to demonstrate that the exposure categorization was able to distinguish different exposure
intensities between individuals. There was no
information to judge whether and to what extent
exposure to 2,4-D may have occurred away from
the work locations.]
(b)

Studies of the general population

One case–control study assessed the association between residential use of 2,4-D and
non-Hodgkin lymphoma (NHL) in the general
population (Hartge et al., 2005). This study used
two different approaches for characterizing and
classifying exposure to 2,4-D. One approach was

based on a questionnaire that collected parti
cipant-recalled information on pesticide use in
and around each home occupied for more than 2
years since 1970. The categories of use included
lawn treatments by the participant, professional
applicator, or a third person. The second approach
was based on analysis of 2,4-D in house dust in
the homes of cases and controls.
[The primary strength of this study was the
use of two different approaches for exposure
classification, firstly a computer-assisted personal-interview approach, and secondly a measurement-based approach. There were also important
limitations in the exposure assessment. There
was potential for recall bias among cases and
controls, given the difficulty in recalling and
accurately reporting lawn-herbicide uses for
multiple homes over long periods of time. It was
not possible to ascertain that 2,4-D was the active
ingredient in the herbicides used for lawn treatments. 2,4-D in house dust may not be a good
surrogate for differences in residential occupant
exposures at an individual level. In a different
study in the same country, there was no significant correlation between 2,4-D concentrations
in house dust and in adult urine (Morgan et al.,
2008).]

1.5 Regulation
The WHO Guidelines for Drinking-water
Quality assign a value of 0.03 mg/L for 2,4-D
(WHO, 2011). The guideline value applies to
2,4-D, since salts and esters of 2,4-D are rapidly
hydrolysed to the free acid in the water (WHO,
2003, 2011).
This value was determined using an acceptable daily intake (ADI) of 0.01 mg/kg bw for the
sum of 2,4-D and its salts and esters, expressed
as 2,4-D, on the basis of a no-observed adverse
effect level (NOAEL) of 1 mg/kg bw per day in
a 1-year study of toxicity in dogs (for a variety
of effects, including histopathological lesions in
kidneys and liver) and a 2-year study of toxicity
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and carcinogenicity in rats (for renal lesions)
(JMPR, 1996), and assuming a body weight of 60
kg, drinking-water consumption of 2 L/day and
a 10% allocation to drinking-water (WHO, 2003,
2011).
Information summarizing regulatory controls
and related statutory measures addressing the
use of 2,4-D in many regions, particularly countries of Asia, Africa, and South America, was not
available to the Working Group.
2,4-D has been registered in the USA since
1948. It was the subject of a registration standard
dated 16 February 1988, and a registration
standard guidance document dated 1 September
1988. Through the EPA, 2,4-D is registered for
use on a variety of food/feed sites, including field,
fruit, and vegetable crops, and for use on turf,
lawns, rights-of-way, aquatic sites, and forestry
applications. 2,4-D is registered for use in terrestrial and aquatic environments (EPA, 2005).
In 2013, the Pest Management Regulatory
Agency in Canada updated the re-evaluation
notice for 2,4-D, stating that the 2,4-D registrants had provided the required data, which
were deemed acceptable (Pest Management
Regulatory Agency Canada, 2013).
The European Commission has approved
products containing 2,4-D that fulfil safety
requirements laid down in Article 5(1)(a) and
(b) of Directive 91/414/EEC on the basis of
2,4-D being applied to winter and spring cereals,
pasture, green manuring crops, grass-seeds,
fallow land, borders of arable land and pastures,
and 2,4-D ethylhexyl ether being applied to
winter cereals (European Commission, 1991).
Extension of use patterns beyond those specified
requires evaluation at the member-state level.
The European Commission has specified that
the theoretical maximum daily intake (TMDI)
for an adult of body weight 60 kg is 1.4% of the
ADI of 0.05 mg/kg bw per day, based on the
European Diet established by the Food and
Agriculture Organization of the United Nations
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and the World Health Organization (FAO/WHO
European Diet) (European Commission, 2001).
Concerning water contamination with 2,4-D,
the EPA has set an enforceable regulation, called
a “maximum contaminant level”, at 0.07 mg/L
(70 µg/L or ppb) (EPA, 2005).
MRLs for 2,4-D were first set in the European
Union in 2002, and re-evaluated by EFSA in
2011. MRLs are specified at 1 mg/kg or less by the
European Commission for most of 378 products
containing 2,4-D (EFSA, 2011).
In relation to occupational exposure limits,
the International Labour Organization (ILO)
in collaboration with United States National
Institute for Occupational Safety and Health
(NIOSH) specified a threshold limit value for
2,4-D of 10 mg/m3 as a time-weighted average
(ILO, 1999). The Occupational Safety and Health
Administration in the USA has adopted the
following permissible exposure limits for 2,4-D:
general industry, 10 mg/m3; and construction
industry, 10 mg/m3, time-weighted average
(OSHA, 2015).
Adequate margins of exposure together with
details concerning appropriate personal protective equipment for workers are available through
the EPA (EPA, 2005).
In various jurisdictions, statutory authorities exercise decision-making in relation to
the marketing and use of various categories of
consumer products. A comprehensive listing of
such authorities and their respective responsibilities is beyond the scope of this Monograph, but
examples of such authorities are given. The EPA
has registered a herbicide formulation, the active
ingredients of which are 2,4-D and glyphosate,
to manage “resistant weeds”. The EPA has also
put in place restrictions to avoid pesticide drift,
including a 30-foot in-field “no spray” buffer zone
around the application area, no pesticide application when the wind speed is > 15 mph, and only
ground applications are permitted (EPA, 2014).
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2.

Cancer in humans

2.1 Cohort studies
See Table 2.1
This section reviews studies that have specifically assessed exposure to 2,4-D. Studies were
excluded from this review if 2,4-D was one of
several chemicals or pesticides evaluated, but no
specific risk estimate for 2,4-D only was provided
(e.g. Kogevinas et al., 1997; Saracci et al., 1991;
Boers et al., 2010; Hooiveld et al., 1998; Bueno de
Mesquita et al., 1993; Coggon et al., 2015; Lynge,
1985; Lynge, 1998; Becher et al. 1996; ’t Mannetje
et al., 2005). [The Working Group considered that
studies addressing the possible toxic effects of
agent orange and related formulations could not
be used to indicate the impact of 2,4-D specifically, and such studies are not addressed in the
present Monograph.] The publications that were
informative for assessing the carcinogenicity of
2,4-D are described below.

2.1.1 The International Register of Workers
Exposed to Phenoxy Herbicides and
Their Contaminants
The International Register of Workers
Exposed to Phenoxy Herbicides and Their
Contaminants was established in 1980 by IARC
in association with the United States National
Institute of Environmental Health Sciences to
study cancer outcomes associated with these
exposures (Saracci et al., 1991; Kogevinas et al.,
1997). The register included 21 863 male and
female workers in 36 cohorts, in 12 countries, in
Europe, Australia, New Zealand, Canada, and the
USA. Exposures were classified using individual
job records, company-exposure questionnaires
developed specifically for this study, and, in some
cohorts, measurements of 2,3,7,8-tetrachlorodi
benzo-p-dioxin (TCDD) and other dioxin and
furan congeners in serum and adipose tissue and
in the workplace.

Using the IARC International Register,
Kogevinas et al. (1995, 1997) conducted nested
case–control studes of the incidence of NHL (32
cases) and soft tissue sarcoma (11 cases). Cancer
cases were identified by linkage of cohort rosters
to death certificates and to cancer registries
in each of the countries with cancer-registration systems. Cases were each matched to five
controls by age, sex, and country of residence
at the time of employment. A panel of three
industrial hygienists reviewed company-exposure questionnaires and company records to
assess exposure to 21 chemicals or mixtures.
Ever exposure to 2,4-D/DP/DB (2,4-D and its
precursor compounds, 2,4-dichlorophenoxypropionic acid and 2,4-dichlorophenoxybutyric
acid), lagged by 5 years, was associated with an
increased risk of soft tissue sarcoma (odds ratio,
OR, 5.72; 95% CI, 1.14–28.65) and 1.4 (95% CI,
0.10–15.80) when adjusted for 2,4,5-T and MCPA.
In analyses comparing different levels of cumulative exposure to non-exposure, the greatest
increase in risk of soft tissue sarcoma in relation
to 2,4-D was found for the category of highest
exposure (OR, 13.71; 95% CI, 0.90–309.00), with
a significant trend across exposure categories
(P = 0.01). For NHL, the odds ratio was 1.11 (95%
CI, 0.46–2.65). After adjustment for 2,4,5-T and
MCPA, the odds ratio for NHL was 1.05 (95%
CI, 0.26–4.28). No trend was observed for risk
of NHL and level of 2,4-D exposure.

2.1.2 United Farm Workers of America
Mills et al. (2005) conducted a case–control
study of lympho-haematopoietic cancers (leukaemia,
51 cases; NHL, 60 cases; multiple myeloma, 20
cases) in Hispanic farmworkers, which was nested
within a cohort of members of the United Farm
Workers of America labour union in California,
USA. Incident cases diagnosed between 1988
and 2001 were identified from linkage of union
records to the California cancer registry, and
for each case, five controls were selected from
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Reference,
location,
enrolment/
follow-up
period, study
design

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Kogevinas et al.
(1995)
Europe,
Australia,
New Zealand,
Canada, and
USA
1939–1992
Nested case–
control study

Cases: 11 cases of STS (all
men) and 32 cases of NHL (one
woman) in a cohort identified
from the International Register
of Workers Exposed to
Phenoxy Herbicides and Their
Contaminants) (established
jointly with IARC), or national
cancer registration records
Controls: 55 for STS, 158
for NHL; incidence-density
sampling from the cohort;
5 controls per case were
matched for age, sex, country
of residence at the time of
employment
Exposure assessment method:
company records; exposure
information from each
plant was retrieved using
a questionnaire completed
by factory personnel in the
presence of an industrial
hygienist; mortality records
varied between the countries
and included records from the
company, union, insurance
and, physicians, workers and
families, and municipal and
national vital records

NHL

2,4-D/DP/DB
Ever exposed
Low
Medium
High
2,4-D/DP/DB
Ever exposed
2.4-D/DP/DB
Ever exposed
Low
Medium
High

NHL
STS

STS

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates
controlled

None
12
4
6
2

1.11 (0.46–2.65)
0.73 (0.22–2.43)
2.14 (0.73–6.23)
0.69 (0.11–4.55)

12

1.05 (0.26–4.28)

9
4
2
3

5.72 (1.14–28.65)
4.55 (0.61–53.41)
6.13 (0.33–129.70)
13.71
(0.90–309.00)

Trend-test P value: 0.01
2.4-D/DP/DB
Ever exposed 12

1.40 (0.10–15.80)

Comments

No cases of STS or NHL in
the Italian, Canadian, or
Austrian cohorts. Risk of STS
and of NHL increased with
time since first exposure. In
workers exposed to phenoxy
2,4,5-T, MCPA herbicides with minimal
or no contamination from
TCDD, mortality was similar
None
to that expected based on
national rates
Strengths: the study was large
and included production
workers and herbicide
sprayers; the exposure
assessment was able to
2,4,5-T, MCPA classify workers by ordinal
level of exposure to chemicals
including 2,4-D; the study
examined cancer incidence
Limitations: information
concerning lifestyle
characteristics associated
with cancer risk, such as
smoking, was not available;
there was no quantitative
information on exposure
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Table 2.1 Cohort studies of cancer and exposure to 2,4-D

Table 2.1 (continued)
Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Mills et al.
(2005)
California USA
1988–1997
Nested case–
control study

Cases: 131 cases (response rate,
NR) (leukaemia, 51; NHL, 60;
multiple myeloma, 20) were
identified by linking the cohort
to the California cancer registry
for 1988–2001
Controls: 655 (response rate,
NR); 5 controls for each case
were drawn from the cohort,
not diagnosed with any cancer,
and matched on sex, Hispanic
ethnicity, and ± 1 yr of birth
Exposure assessment method:
crop and pesticide exposures
were estimated by linking
county/month and crop-specific
job-history information from
union records with California
Department of Pesticide
Regulation pesticide-use reports
during the 20 yr before cancer
diagnosis; “high exposure” can
be interpreted as having worked
in an area with high use

Leukaemia,
total

High (vs low) NR
High (men)
NR
High
NR
(women)

1.03 (0.41–2.61)
0.55 (0.15–2.06)
3.73 (0.77–18.00)

NHL, total

High (vs low)
High (men)
High
(women)
High (vs low)

NR
NR
NR

3.80 (1.85–7.81)
3.79 (1.58–9.11)
5.23 (1.30–20.90)

NR

1.47 (0.33–6.59)

High (vs low) NR

1.28 (0.30–5.42)

High (vs low) NR
High (vs low) NR

2.29 (0.90–5.82)
9.73 (2.68–35.30)

Leukaemia,
lymphocytic
Leukaemia,
granulocytic
NHL, nodal
NHL,
extranodal

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates
controlled

Comments

Age, duration
of union
affiliation,
date of
first union
affiliation,
sex (when
appropriate)

United Farm Workers of
America
Strengths: the study was
conducted among farm
workers (as opposed to
pesticide applicators);
included women; used
objective exposureassessment methods not
prone to recall bias
Limitations: small number
of cases; number of cases
and controls exposed was
not reported; exposure
assessment was based on
regional pesticide-use data
and did not take into account
personal use of or exposure to
pesticides
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Reference,
location,
enrolment/
follow-up
period, study
design

Reference,
location,
enrolment/
follow-up
period, study
design

Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Koutros et al.
(2013)
Iowa and North
Carolina, USA
Enrolment,
1993–1997;
follow-up to 31
December 2007

54 412 male pesticide
applicators; among the
57 310 applicators, 2898 were
excluded (1563 women, 1071
prevalent cases of other types of
cancer, 264 with no follow-up
information)
Exposure assessment method:
questionnaire; see other details
elsewhere; incident prostate
cancers were identified from
enrolment (1993–1997) until 31
December 2007 (n = 1962)

Prostate:
(no family
history)

17 357 children (aged < 19 yr)
of licensed pesticide applicators
in Iowa
Exposure assessment method:
questionnaire; state cancer
registries

Childhood
cancer

Unexposed
290
to 2,4-D
(ref.)
IWED Q1
262
IWED Q2
256
IWED Q3
287
IWED Q4
260
Trend-test P value: 0.25
Unexposed
43
to 2,4-D
(ref.)
IWED Q1
60
IWED Q2
68
IWED Q3
51
IWED Q4
73
Trend-test P value: 0.9
Maternal
7
use of 2,4-D
(ever)
Paternal
26
use of 2,4-D
(prenatal)

Flower et al.
(2004)
Iowa and North
Carolina, USA
1993–1997 for
enrolment;
1975–1998 for
follow-up

Prostate
(with family
history)

Exposed Risk estimate
cases/
(95% CI)
deaths

1.00
0.93 (0.78–1.11)
0.88 (0.74–1.05)
1.03 (0.86–1.22)
0.87 (0.73–1.03)
1.00
1.21 (0.8–1.82)
1.29 (0.85–1.95)
0.86 (0.56–1.31)
1.17 (0.78–1.75)
0.72 (0.32–1.60)
1.29 (0.71–2.35)

Covariates
controlled

Comments

Age, state,
smoking,
fruit servings,
leisure time
physical
activity in
winter, race

Agricultural Health Study
Strengths: large cohort study
in an agricultural population,
thus high exposure
prevalence; good exposure
assessment

Age, state,
smoking,
fruit servings,
leisure time
physical
activity in
winter, race
Child’s age at
enrolment

Agricultural Health Study
There was a small number of
cases in North Carolina, so
these were excluded from all
subsequent analyses
Strengths: large cohort;
assessment of specific
chemicals, including 2,4-D
Limitations: based on
self-reported exposure;
potential exposure to multiple
pesticides; limited power to
study a rare disease such as
childhood cancer
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Table 2.1 (continued)

Table 2.1 (continued)
Population size, description,
exposure assessment method

Organ site

Exposure
category or
level

Exposed Risk estimate
cases/
(95% CI)
deaths

Covariates
controlled

Comments

Burns et al.
(2011)
Michigan, USA
Enrolment,
1945–1994;
follow-up until
2007

1316 men employed by Dow
Chemical Company who had
ever worked full time for at least
3 days between 1945–1994 in
any of four buildings involved
in 2,4-D manufacturing,
located in Midland, MI, and
were alive on 1 January 1985
(corresponding to the initiation
of the Michigan state-wide
cancer registry)
Exposure assessment method:
analyses by duration and
exposure level based on JEM
(from monitoring data) linked
to work histories to assign
a relative exposure index of
0.005, 0.05, 0.5, or 5 units to
each job in in 2,4-D operations;
cancer registry (SEER) cancer
incidence rates for Michigan
white men

All cancers
combined
Other
respiratory
cancers
Other
cancers of
the urinary
tract
NHL

Cohort 3

211

0.96 (0.84–1.10)

Age

Cohort 3

5

4.76 (1.53–11.11)

Age

Cohort 3

3

4.48 (0.90–13.08)

Age

1.71 (0.93–2.87)
3.08 (0.84–7.88)

Age

Cancer incidence was
described only for Michigan.
Cohort 3 was limited to
persons considered to be
Michigan residents for the
entire period (the most
restrictive but most valid
analysis). Cohort 2: continued
to accrue person years at risk
for persons diagnosed with
cancer, beyond the diagnosis
date, and whomay have
moved out of state. Other
respiratory cancers included 4
cases of mesothelioma.
Strengths: near complete
follow-up; examined cancer
incidence; exposures to 2,4-D
varied and were assessed for
each employee based on the
exposure potential of a job
during a period of time
Limitations: small population;
there was exposure to other
phenoxyherbicides; lifestyle
factors, such as smoking, were
not adjusted for

Cohort 3
14
Cohort
4
2, ≥ 5 yr
duration of
employment
Cohort 2, ≥ 5 3
exposureyears

2.16 (0.45–6.31)

2,4-D/DP/DB, 2,4-dichlorophenoxyacetic acid/2,4-dichlorophenoxypropionic acid/2,4-dichlorophenoxybutyric acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; approx..,
approximately; CI, confidence intervals; IWED, intensity-weighted cumulative exposure days; JEM, job-exposure matrix; MCPA, 2-methyl-4-chlorophenoxyacetic acid; NHL,
non-Hodgkin lymphoma; NR, not reported; ref., reference; SEER, Surveillance, Epidemiology and End Results; SMR, standardized mortality ratio; STS, soft tissue sarcoma; TCDD,
2,3,7,8-tetrachlorodibenzo-p-dioxin; Q, quintile; vs, versus
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Reference,
location,
enrolment/
follow-up
period, study
design

IARC MONOGRAPHS – 113
cancer-free union members, matched to the
case by sex, Hispanic ethnicity, and year of
birth. Exposure to 15 pesticides was assessed
by linkage of detailed monthly employment
union records to the California Department of
Pesticide Regulation Pesticide Use Reports, for
the two to three decades before cancer diagnosis. Specifically, each subject’s employment by
month, county, and crop was matched to pesticide application (pounds applied) in the county
during that month, and the summed exposures
were categorized by median or tertile. Logistic
regression was conducted to estimate risk associated with pesticide use, with adjustment for
age, sex, date of first contribution to the union,
and duration of union membership. The study
found that a history of high exposure to 2,4-D
was associated with a 3.8-fold (95% CI, 1.85–7.81)
increased risk of NHL when compared with a
history of low exposure; this association appeared
in women (OR, 5.23; 95% CI, 1.30–20.9), and men
(OR, 3.79; 95% CI, 1.58–9.11), and was similar
after adjustment for the 14 other high-use pesticides examined (OR, 3.58; 95% CI, 1.02–12.56).
Leukaemia was not associated with 2,4-D (OR,
1.03; 95% CI, 0.41–2.61). [The semi-ecological
exposure assessment in this study limited interpretation concerning individual exposure. On
the other hand, the objective manner in which
exposures were assigned reduced the possibility
of recall bias.]

2.1.3 The Agricultural Health Study
In the USA, the risk of cancer of the prostate (total or aggressive) was examined in the
Agricultural Health Study (AHS) for 1993–2007
(Koutros et al., 2013). During this period, 1962
incident cases of cancer of the prostate, including
919 cases of aggressive cancer, were observed
among 54 412 pesticide applicators. Rate ratios
and 95% confidence limits (CI) were calculated
using Poisson regression to evaluate association with lifetime use of 48 pesticides using
406

enrolment-questionnaire data (1993–1997) and
follow-up questionnaire data (1999–2003), and
incidence of all (total) cancers of the prostate, or
aggressive cancers of the prostate (defined by a
Gleason score of ≥ 7 or ≥ 8). About three quarters
(74.9%) of the cases of cancer of the prostate, and
the rest of the cohort (75.7%), had used 2,4-D.
No excess incidence of cancer of the prostate
was observed in applicators who had used 2,4-D
(see Table 2.1). [This was a large study with highquality exposure assessment.]
Flower et al. (2004) reported the results of
analyses of pesticide application by parents and
risk of childhood cancer in the AHS. The study
included 17 357 children of pesticide applicators
in Iowa. The number of cases in North Carolina
was insufficient for the analyses, from which they
were thus excluded. Parents provided data via
questionnaires (1993–1997), and follow-up for
cancer (retrospectively and prospectively) was
done through the state cancer registries. Fifty
incident cases of childhood cancer were identified in 1975–1998 in children aged 0–19 years;
roughly half of the fathers had used 2,4-D prenatally (26 exposed cases). For all the children of the
pesticide applicators, the incidence of all childhood cancers combined was increased compared
with that of the general population, as were the
incidence of all lymphomas combined, and of
Hodgkin lymphoma. The odds ratio for mothers’
use of 2,4-D and risk of childhood cancer was
0.72 (95% CI, 0.32–1.60, 7 exposed cases), and
for fathers’ use was 1.29 (95% CI, 0.71–2.35; 26
exposed cases). [The Working Group noted that
this analysis had limited power to study rare
diseases like childhood cancer.]
The risk of cutaneous melanoma was examined in the AHS for 1993–2005 (Dennis et al.,
2010). Among 271 incident cases of cutaneous
melanoma, no association was seen with exposure to 2,4-D. [The risk estimates for 2,4-D and
melanoma were not presented, although the
authors stated that “None of the 22 pesticides
detailed on the enrollment questionnaire was

2,4-Dichlorophenoxyacetic acid
associated with melanoma” and 2,4-D was one
of these pesticides according to the Appendix
table.]

2.1.4 The Dow Chemical Company cohort
The Dow Chemical Company cohort in the
USA included men involved in the manufacture, formulation, or packaging of 2,4-D and
its amines or esters from 1945 until 1982 (Bond
et al., 1988). Production of 2,4-D took place in
four separate buildings of the plant, each building
housing different activities with different levels of
exposure. At least one of these buildings, referred
to as the “2,4-D plant,” also housed formulation and packaging of other herbicides (2,4,5-T,
MCPA, and Silvex) at various times during
its history. Industrial hygienists developed a
job-exposure matrix for the estimation of levels
of exposure to 2,4-D among employees based
on department, job title, calendar year, available
monitoring data and professional judgment, and
estimated cumulative exposure based on a timeweighted average of all the jobs held by an individual during the follow-up period. Cumulative
exposure to 2,4-D was categorized as: very low
(< 0.05 mg/m3), low (0.05–0.49 mg/m3), moderate
(0.5–4.9 mg/m3), or high (≥ 5 mg/m3) (Burns
et al., 2011). In an analysis of cancer incidence
with follow-up until 2007, there was no increase
in the incidence of all cancers combined among
employees who were residents in the state for the
entire period (n = 1108; “cohort 3”) (Burns et al.,
2011). For NHL, the standardized incidence ratio
(SIR) was 1.71 (95% CI, 0.93–2.87). The highest
increases in risk of NHL were observed with
duration ≥ 5 years (SIR, 3.08; 95% CI, 0.84–7.88)
and in analyses with censoring only at the time
employees moved out of the state (n = 1256) with
intensity × duration ≥ 5 exposure years (SIR, 2.16;
95% CI, 0.45–6.31). There was no clear pattern
in risk of NHL with decade of starting employment. These findings were similar to analyses of
mortality with earlier follow-up periods to 1982

(Bond et al., 1988), 1986 (Bloemen et al., 1993),
and 1994 (Burns et al., 2001). [The Working
Group noted that while analyses were presented
for three methods of counting person-time, the
method that censored workers at the time of loss
to follow-up or diagnosis (state residents for the
entire period), provided the most valid estimate
(“cohort 3”).]

2.2. Case–control studies
2.2.1 Lympho-haematopoietic cancers
See Table 2.2
Many of the case–control studies on
lymphoma and leukaemia reported on exposure to phenoxy herbicides as a broad category
or report on pesticide mixtures, rather than
exposure to 2,4-D, specifically (e.g. Pearce et al.,
1986a, b, 1987; Wiklund et al., 1987; Pearce, 1989;
Persson et al., 1989; Eriksson & Karlsson, 1992;
Fontana et al., 1998; Fritschi et al., 2005; Eriksson
et al., 2008; Orsi et al., 2009; Navaranjan et al.,
2013). These studies were considered uninformative with regards to carcinogenicity of 2,4-D and
are therefore not described further.
In the first of the case–control studies
conducted by the National Cancer Institute in the
midwest USA in the 1970s and 1980s, Hoar et al.
(1986) studied 170 NHL cases diagnosed from
1976 through 1982 and 948 population-based
controls in the state of Kansas. Participants
were asked in a telephone interview about their
years working or living on farmland with wheat,
corn, sorghum, or pasture, and specific pesticides handled in these settings. Compared with
subjects who had never farmed, ever exposure
to phenoxy herbicides was associated with a
2.2-fold increased risk of NHL (OR, 2.2; 95% CI,
1.2–4.1; 24 exposed cases) and exposure to only
2,4-D (eliminating 3 cases who also used 2,4,5-T)
was also associated with increased risk (OR,
2.6, 1.4–5.0). There were significant trends in
increasing risk of NHL with increasing duration
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Reference,
location,
enrolment/
follow-up
period
Midwest USA
Hoar et al.
(1986)
Kansas, USA
1976–1982

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Cases: 170 (response
rate, 96%); populationbased cancer registry
(University of Kansas
Cancer Data Service)
Controls: 948 (response
rate, 94%); random
digit dialling (age < 65
years), Medicare records
(age ≥ 65 years), death
certificates (deceased)
Exposure assessment
method: questionnaire

NHL

Phenoxyherbicides
(synonymous with
2,4-D use)
2,4-D use

24

2.2 (1.2–4.1)

Age and vital
status (by matched
analysis)
Age and vital
status (by matched
analysis)

2,4-D only use
21
(excluding 2,4,5-T)
2,4-D duration (yr):
1–5
3
6–15
7
16–25
8
≥ 26
6
Trend-test P value: 0.002
2,4-D frequency (days/yr):
1–2
6

2.6 (1.4–5.0)

Studies in midwest
USA This study also
enrolled cases of STS
and Hodgkin disease,
but did not report results
associated with 2,4D exposure for these
cancer sites
Strengths: excellent
response proportion;
risk estimated by
duration and frequency
Limitations: duration
and frequency variables
were based on reported
use of any herbicide
(instead of being specific
to 2,4-D)

3–5
4
6–10
4
11–20
4
≥ 21
5
Trend-test P value: 0.0001
2,4-D, first year of use
1966 or later
5
1956–1965
9
1946–1955
8
Before 1946
2
Trend-test P value: 0.002

1.6 (0.4–5.7)
1.9 (0.5–6.7)
3.0 (0.7–11.8)
7.6 (1.8–32.3)

1.3 (0.3–5.1)
2.5 (0.9–6.8)
3.9 (1.4–10.9)
2.3 (0.7–6.8)

2.7 (0.9–8.1)

1.9 (0.6–6.0)
2.9 (1.1–7.2)
2.1 (0.8–5.6)
6.2 (0.6–65.3)

Age and vital
status (by matched
analysis)

Age and vital
status (by matched
analysis)

Age and vital
status (by matched
analysis)
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Table 2.2 Case–control studies of lympho-haematopoietic cancer and exposure to 2,4-D

Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Organ site

Zahm et al.
(1990)
Nebraska,
USA
1983–1986

Cases: 201 (response rate, NHL
91%); cases identified by
the Nebraska Lymphoma
Study Group and area
hospitals; white male
population
Controls: 725 (response
rate, 87%); random-digit
dialling (age < 65 yr),
Medicare records (age
≥ 65 yr), death certificates
(deceased)
Exposure assessment
method: questionnaire;
telephone interviews with
subjects or next-of-kin

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Comments

Age

Studies in midwest
USA Strengths: good
response proportion;
information on duration
and frequency, specific
to 2,4-D; no evidence of
recall bias since ORs for
2,4-D use were similar
in subjects who recalled
the exposure without
prompting and in those
who were probed for
2,4-D use
Limitations: possibly
biased exposure
information from
proxies

Age

Age

Age

Age
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Mixed or applied
43
1.5 (0.9–2.5)
2,4-D
Frequency mixing or applying 2,4-D (days/yr):
1–5
16
1.2 (0.6–2.4)
6–20
12
1.6 (0.7–3.6)
≥ 21
3
3.3 (0.5–22.1)
Trend-test P value: 0.051
Duration 2,4-D used on farm (yr):
1–5
3
0.9 (0.2–3.6)
6–15
11
2.8 (1.1–7.1)
16–20
3
0.6 (0.1–2.1)
≥ 21
13
1.3 (0.6–2.7)
Trend-test P value: 0.274
First year of use:
Before 1945
8
1.4 (0.5–3.5)
1946–1955
13
1.1 (0.5–2.3)
1956–1965
5
2.1 (0.6–7.7)
1965–1986
4
1.3 (0.3–4.9)
Trend-test P value: 0.17
By histological subtype for personal use:
B-cell/ever 2,4-D
NR
1.5 (0.9–2.6)
T-cell/ever 2,4-D
NR
2.0 (0.5–7.3)

Covariates
controlled

Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Brown et al.
(1990)
Iowa and
Minnesota,
USA
1981–1984

Cases: 578 (response
rate, 86%); state cancer
registry (IA) and
surveillance network of
hospitals and pathology
laboratories (MN)
Controls: 1245 (response
rate, 77–79%); randomdigit dialling (age < 65
yr), Medicare records (age
≥ 65 yr), death certificates
(deceased)
Exposure assessment
method: intervieweradministered
questionnaire elicited
information about use of
specific pesticides
Cases: 622 (response rate,
89%); Iowa State Health
Registry and surveillance
of Minnesota hospital
and pathology laboratory
records
Controls: 1245 (response
rate, 77–79%); randomdigit dialling (age < 65
yr), Medicare records (age
≥ 65 yr), death certificates
(deceased)
Exposure assessment
method: questionnaire
collected data on use
history of specific
pesticides

Leukaemia

Ever mixed/
handled/applied
2,4-D

98

1.2 (0.9–1.6)

Leukaemia
(AML)
Leukaemia
(CML)
NHL (CLL)

Ever handled 2,4-D

28

1.5 (0.9–2.5)

Vital status, age,
state, smoking,
family history
of lymphohaematopoietic
cancer, high-risk
occupation, highrisk exposures

Ever handled 2,4-D

13

1.9 (0.9–3.9)

Ever handled 2,4-D

45

1.3 (0.8–2.0)

Studies in midwest USA
Reference group was
non-farmers
Strengths: agricultural
region with high
frequency of farming
and pesticide use
Limitations: no
quantitative exposure
information; white men
only

NHL

Handled 2,4-D
Handled before
1965
Handled without
PPE
Iowa – ever handled
2,4-D
Minnesota – ever
handled 2,4-D

115
86

1.2 (0.9–1.6)
1.3 (0.9–1.8)

89

1.2 (0.9–1.7)

51

1.2 (0.8–1.9)

35

1.4 (0.9–2.3)

Vital status, age,
state, smoking,
family history
of lymphohaematopoietic
cancer, high-risk
occupation, highrisk exposures

Studies in midwest
USA Reference group
was non-farmers; no
difference in results by
state
Strengths: agricultural
region with high
frequency of farming
occupation and pesticide
use
Limitations: nonquantitative exposure
assessment; white men
only

Cantor et al.
(1992)
Iowa and
Minnesota,
USA
1980–1983
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Table 2.2 (continued)

Table 2.2 (continued)
Population size
(response rate),
description, exposure
assessment method

Organ site

De Roos
et al. (2003)
Iowa,
Minnesota,
Nebraska,
Kansas, USA
1980s
(pooled
analysis)

Cases: 870 (response rate, NHL
NR); white men with
NHL
Controls: 2569 (response
rate, NR); frequency
matched on age, race,
state of residence using
2 : 1 ratio in Iowa and
Minnesota, 4 : 1 in
Kansas and Nebraska;
random-digit dialling
for living cases aged
< 65 yr and from the
Health Care Financing
Administration for those
aged ≥ 65 yr; controls
for deceased cases from
deaths records in each
state, matched for age and
year of death
Exposure assessment
method: telephone
interviews with subjects
or next-of-kin in Kansas
and Nebraska, and
in-person in Iowa and
Minnesota

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Use of 2,4-D
(hierarchical
regression)

123

0.9 (0.6–1.2)

Age, location, other
pesticides

Subjects missing data
for any of 47 pesticides
were excluded (25% of
subjects)
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2,4-Dichlorophenoxyacetic acid

Reference,
location,
enrolment/
follow-up
period

Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Other studies in North America
Woods et al. Cases: 576 (response rate,
(1987)
NR); cases identified
Western
from population-based
Washington, tumour registry that
USA
covered 13 counties of
1981–1984
western Washington
State from 1974
Controls: 694 (response
rate, NR) chosen by
random-digit dialling
(aged 20–64 yr) or at
random from Health
Care Financing
Administration records
covering social security
recipients in the study
area (aged 65–79 yr)
Exposure assessment
method: questionnaire

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

NHL

Ever occupationally
exposed to 2,4-D
Farmers who
“regularly worked
with 2,4-D”

NR

0.73 (0.40–1.30)

Age

NR

0.68 (0.3–1.4)

Strengths: large study
population
Limitations: number
exposed to 2,4-D, NR
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Table 2.2 (continued)

Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period
McDuffie
et al. (2001)
Six
provinces,
Canada
1991–1994

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Mixed/sprayed
2,4-D
Frequency (days/
yr):
> 0 and ≤ 2
> 2 and ≤ 5
> 5 and ≤ 7
>7

111

1.32 (1.01–1.73)

111

–

Age, province,
medical history
variables, family
history of cancer

55
36
9
11

1.17 (0.83–1.64)
1.39 (0.91–2.13)
1.38 (0.60–3.15)
1.22 (0.60–2.49)

Men only
Strengths: large
sample; information on
individual pesticides
Limitations: low
response rate

147

1.00

Study site, age, sex,
race, education

257
86
165
24

1.10 (0.78–1.55)
0.91 (0.58–1.45)
0.66 (0.45–0.98)
0.82 (0.41–1.66)

2,4-D half-life in dust
is probably shorter
than latency period.
Frequency and intensity
of residential exposures
are low compared
with those exposed
occupationally
Strengths: exposure
based on measurement
(rather than recall)
Limitations: low
response rate

2,4-D (ng/g):
Below detection
limit
< 500
500–999
1000–9999
> 10 000
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Cases: 517 (response rate, NHL
67.1%) men from cancer
registries and hospitals;
newly diagnosed men
(aged ≥ 19 yr)
Controls: 1506 (response
rate, 48%); random
sample from health
insurance and voting
records; men (aged ≥ 19
yr) frequency-matched on
province and age
Exposure assessment
method: mailed
questionnaire followed by
telephone interview for
subjects reporting ≥ 10 h/
yr of pesticide exposure
Hartge et al. Cases: 679 (response rate, NHL
(2005)
59%); population cancer
Iowa,
registries (SEER)
Washington Controls: 510 (response
(Seattle
rate, 44); random-digit
metropolitan dialling (age < 65 yr);
area),
Medicare records (≥ age
Michigan
65 yr), stratified by age,
(Detroit
sex, race, centre
metropolitan Exposure assessment
area),
method: environmental
California
monitoring;
(Los Angeles measurement in
county),
household dust samples
USA
and interview
1998–2000

Exposure category
or level

Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Metayer
et al. (2013)
Northern
and central
California,
USA
1995–2008

Cases: 296 childhood
leukaemia, 269 ALL
(response rate, 91%);
enrolled from paediatric
clinical centres
Controls: 333 (response
rate, 82%); enrolled from
birth certificates
Exposure assessment
method: environmental
monitoring;
measurement in
household dust sample

ALL

2,4-D logtransformed
concentration
(ng/g)

252

0.96 (0.85–1.08)

Sex, age, Hispanic
ethnicity, maternal
race, income,
season of dust
sampling, year of
dust sampling,
neighbourhood
type (urban, rural,
etc.)

Strengths: exposure
measurement (rather
than self-report)
Limitations: 2,4-D
half-life in dust may
be shorter than latency
period

IARC MONOGRAPHS – 113

414
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Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposure category
or level

Mills et al.
(2005)
California,
USA
1987–2001
Nested case–
control study

Cases: 131 (response
rate, 100%); labour union
members, Hispanic
population; cases
identified from linkage
to state-wide populationbased cancer registry
Controls: 655 (response
rate, 100%); 5 controls
per case were selected
from the union, who
had not been diagnosed
with any cancer at time
of case diagnosis, and
matched on sex, Hispanic
ethnicity, year of birth
Exposure assessment
method: detailed monthby-month work histories
from union records
linked to pesticide-use
records from California
Department of Pesticide
Regulation & Pesticide
Use Reports to match
pesticide applications
given the month/year/
location/crop

NHL

High (vs low)
High (vs low)
Men
Women
High (vs low)
High (vs low)

60
45
15
38
22

High (vs low)
Men
Women

51
35
16

High (vs low)

23

3.80 (1.85–7.81)
3.79 (1.58–9.11)
5.23 (1.30–20.9)
2.29 (0.90–5.82)
9.73
(2.68–35.30)
1.03 (0.41–2.61)
0.55 (0.15–2.06)
3.73
(0.77–18.00)
1.47 (0.33–6.59)

High (vs low)

20

1.28 (0.30–5.42) Same

NHL, nodal
NHL,
extranodal
Leukaemia

Lymphocytic
leukaemia
Granulocytic
leukaemia

Exposed
cases/
deaths

Risk estimate
(95% CI)

Covariates
controlled

Comments

Age, sex, duration
of union affiliation,
date of first union
affiliation

United Farm Workers of
America
Strengths: large database
with objective exposure
assignment (e.g. not
based on recall)
Limitations: semiecological exposure
assessment limited
interpretation about
individual exposure

Same
Same
Same

Same

2,4-Dichlorophenoxyacetic acid
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Reference,
location,
enrolment/
follow-up
period
Sweden
Hardell et al.
(1994)
Umea,
Sweden
1974–1978

Nordström
et al. (1998)
Sweden
1987–1990

Population size
(response rate),
description, exposure
assessment method

Organ site

Exposure category
or level

Exposed
cases/
deaths

Cases: 105 (response
rate, NR); Department of
Oncology, Umea
Controls: 335 (response
rate, NR); national
population registry
(living) or national
registry for causes of
death (deceased)
Exposure assessment
method: questionnaire
Cases: 121 (response
rate, NR); male patients
with HCL reported to the
Swedish Cancer Registry
1987–1992
Controls: 484 (response
rate, NR); age- and
county-matched controls
from the national
population registry
Exposure assessment
method: mailed,
self-administered
questionnaire (by subject
or next-of-kin) plus
supplemental telephone
call for clarification of
unclear information

NHL

Occupational or
leisure-time use of
2,4-D only

3

NHL (HCL)

2,4-D

2

Risk estimate
(95% CI)

Covariates
controlled

Comments

13.0 (1.2–360.0)

NR

Strengths: separate risk
estimate for 2,4-D
Limitations: small
number exposed to 2,4D, specifically

1.6 (0.3–8.3)

Age

A minimum exposure of
1 working day(8 h) and
an induction period of
≥ 1 yr were used in the
coding of exposures
Strengths:
comprehensive
population registration
Limitations: small
number of ever-exposed
cases and controls
for the analysis; the
reference group was not
specified
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Table 2.2 (continued)

Table 2.2 (continued)
Reference,
location,
enrolment/
follow-up
period
Europe
Miligi et al.
(2003)
Italy
1990–1993

Miligi et al.
(2006a)
Italy
1990–1993
Case–control

Organ site

Exposure category
or level

Exposed
cases/
deaths

Risk estimate
(95% CI)

Cases: 1575 (response
rate, 80–83%)
Controls: 1232 (response
rate, 74%)
Exposure assessment
method: questionnaire

NHL (ICD
200 & 200)
and CLL
(ICD 204.1)

6

0.7 (0.3–1.9)

7

1.5 (0.4–5.7)

Cases: 1145 NHL and
CLL, 205 MM, 430
leukaemia, 258 HD
(80%); all incident cases
of malignancies of the
haematolymphopoietic
system, aged 20–74 yrs,
residents of the study area
Controls: 1232 (response
rate, 74%); age- and sexmatched from the general
population
Exposure assessment
method: questionnaires
reviewed by agronomists
to assign pesticideexposure histories

NHL (ICD
200 & 200)
and CLL
(ICD 204.1)

Ever occupationally
exposed to 2,4-D,
men
Ever occupationally
exposed to 2,4-D,
women
Ever occupationally
exposed to 2,4-D
Probability of
use > low and
no protective
equipment

17

0.9 (0.5–1.8)

9

4.4 (1.1–29.1)

Covariates
controlled

Comments

Age, area

Sex, age, area

Association with ever
use of 2,4-D did not
differ between men and
women, as reported in
an earlier publication
(Miligi et al., 2003)
Strengths: expert
assessment of exposure
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Population size
(response rate),
description, exposure
assessment method

Reference,
location,
enrolment/
follow-up
period

Population size
(response rate),
description, exposure
assessment method

Organ site

Cocco et al.
(2013a)
Europe
(Czech
Republic,
France,
Germany,
Italy, Ireland,
Spain)
1998–2003

Cases: 2348 (response
B-cell
rate, 88%); referring
lymphoma
centres
CLL
Controls: 2462 (response
rate, 52–81%); population
controls (Germany, Italy);
hospital controls (Czech
Republic, France, Ireland,
Spain)
Exposure assessment
method: subjects
reporting work in
agriculture received jobspecific questionnaire
eliciting further details
on tasks and exposures

Exposure category
or level

Exposed
cases/
deaths

2,4-D

2

Risk estimate
(95% CI)

0.6 (0.1–3.5)

Covariates
controlled

Comments

Age, sex, education,
centre
Age, sex, education,
centre

Strengths: detailed
exposure questionnaire
combined with expert
assessment
Limitations: low
response proportion for
population controls

ALL, acute lymphoblastic/lymphocytic leukaemia; AML, acute myeloid leukaemia; CLL, chronic lymphocytic leukaemia; CML, chronic myeloid leukaemia; 2,4-D,
2,4-dichlorophenoxyacetic acid; DEET, N,N-Diethyl-meta-toluamide; HCL, hairy cell leukaemia; NHL, non-Hodgkin lymphoma; NR, not reported; OR, odds ratio; PPE, personal
protective equipment; SEER, Surveillance, Epidemiology, and End Results; STS, soft tissue sarcoma; vs, versus; yr, year
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2,4-Dichlorophenoxyacetic acid
(years) (trend-test P value, 0.002) and frequency
(days/year) (trend-test P value, 0.0001) of exposure, with the highest risks observed in the third
of four exposure categories with 16–25 years
exposure (OR, 3.9; 95% CI, 1.4–10.9) or ≥ 21 days/
year exposure (OR, 7.6; 95% CI, 1.8–32.3). [The
Working Group noted that the information on
duration and frequency were based on reported
patterns of use of any herbicide, rather than being
specific to 2,4-D. This study also enrolled cases of
soft tissue sarcoma and Hodgkin, disease, but did
not report results associated with 2,4-D exposure
for these cancer sites.]
The study conducted by the United States
National Cancer Institute (NCI) in Nebraska
included 201 cases of NHL and 725 controls,
identified between 1983 and 1986 (Zahm et al.,
1990). The study was limited to white men. There
were elevated, but non-significant increases in
risk of NHL observed in association with having
having ever mixed or applied 2,4-D (OR, 1.5;
95% CI, 0.9–2.5) and with ≥ 21 days per year
use on the farm (OR, 3.3; 95% CI, 0.5–22.1), and
a trend in increasing risk by frequency of use
(P = 0.051). There were no apparent patterns by
duration or year of first use. Risk estimates were
elevated for T-cell and B-cell NHL, but the trend
by days per year was significant only for B-cell
NHL (P = 0.045). Possible confounding of the
results for 2,4-D by use of other pesticides was
evaluated. Exclusion of users of 2,4,5-T did not
change the risk estimates for handling 2,4-D. The
risk associated with having ever mixed or applied
2,4-D was attenuated with exclusion of all organophosphate users (OR, 1.1; CI, not reported), but
was increased with adjustment for fungicides
(OR, 1.8; 95% CI, 1.1–3.0). For farmers who
mixed or applied 2,4-D on > 20 days per year,
simultaneous adjustment for organophosphates
and fungicides resulted in a risk estimate of 3.1
(CI not reported). Risk estimates for use of 2,4-D
were similar in subjects who recalled the exposure
without prompting and in subjects whose use of
2,4-D was only reported in response to a specific

probe (OR, 1.5 in both groups [CI not reported]),
suggesting little recall bias; however, the associations were higher when limited to proxy respondents. [The Working Group noted possible biased
exposure information from proxies. This study
also enrolled cases of Hodgkin disease, multiple
myeloma, and chronic lymphocytic leukaemia,
but did not report results associated with 2,4-D
exposure for these other cancer sites.]
In Iowa and Minnesota, USA, cases of NHL
(n = 622) (Cantor et al., 1992) and leukaemia
(n = 578) (Brown et al., 1990) diagnosed in 1980–
1984 were frequency-matched to 1245 population
controls. Only white men were included in the
analyses. There were no strong associations of
2,4-D use in relation to either NHL or leukaemia
in this study, in analyses of ever use, frequency
of use, year of first use, use without personal
protective equipment, and use by state, or when
considering multiple potential confounders
including vital status, age, state, smoking, family
history of lympho-haematopoietic cancer, highrisk occupation, and high-risk exposures. For
subjects who had ever used 2,4-D, the odds ratios
were: NHL, 1.2 (95% CI, 0.9–1.6) (Cantor et al.,
1992); chronic lymphocytic leukaemia [a subtype
of NHL], 1.3 (95% CI, 0.8–2.0) (Brown et al.,
1990); and all leukaemia combined, 1.2, (95% CI,
0.9–1.6) (Brown et al., 1990).
A pooled analysis by De Roos et al. (2003)
of men from the three United States NCI case–
control studies conducted in the midwest USA
was limited to men with complete data for 47
pesticides (n = 870 cases, and 2569 controls from
Hoar et al. (1986); Zahm et al. (1990); Cantor
et al. (1992)). About 75% of the original study
population was included, but examination of
risk factors for NHL, including family history
and farming history, indicated no difference in
the association of those factors with case status
between the original population and the included
subset. No association was found between ever
use of 2,4-D and risk of NHL (OR, 0.9; 95% CI,
0.6–1.2), with adjustment for other individual
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pesticides using hierarchical regression. [This
estimate was limited to a smaller study population than in the individual studies, due to exclusion of participants with missing data for any of
the multiple pesticides examined; nevertheless,
the sample size was large. The study suggested
that any confounding of the association between
NHL and exposure to 2,4-D by exposure to other
pesticides is away from the null. The hierarchical
regression method “shrinks” (adjusts) unstable
estimates towards a prior distribution; however,
the shrunken estimate for 2,4-D (OR, 0.9) did
not differ substantially from the pooled estimate
before shrinkage (OR, 0.8).]
Woods et al. conducted a case–control study
of NHL in western Washington State, USA, in
the early 1980s, in which a detailed occupational
history was obtained, including exposure to
phenoxy herbicides (Woods et al., 1987; Woods &
Polissar, 1989). In a comparison of 576 cases and
694 controls, there was no observed difference
with respect to ever having occupational exposure to 2,4-D (OR, 0.73; 95% CI, 0.4–1.3) or for
farmers who reported having “regularly worked
with” 2,4-D (OR, 0.68; 95% CI, 0.3–1.4). There
were no details provided on the number of cases
and controls exposed to 2,4-D. [This study had
a strong exposure assessment, including expert
review of occupational histories and verification
of exposure with a third party in instances where
exposure was uncertain. Response proportions
were not provided.]
A large study of NHL in men was conducted
in six provinces of Canada, between 1991 and
1994 (McDuffie et al., 2001). A total of 517 cases
were identified from provincial cancer registries and hospitals, and 1506 controls were
identified from provincial health insurance
records, computerized telephone listings, and
voters’ lists. Information about pesticide exposure was collected by means of a mailed questionnaire, followed by a telephone interview for
subjects reporting 10 hours per year or more
of pesticide exposure. In analyses of individual
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phenoxyherbicides, the odds ratio for 2,4-D was
1.32, (95% CI, 1.01–1.73). There was no dose–
response pattern in analyses of 2,4-D exposure
by frequency of use (days/year). Similar effect
estimates were presented in a later paper by
(Pahwa et al., 2012), in which no interaction
was found between exposure to 2,4-D and
asthma or allergy in the relationship with NHL.
Hohenadel et al. (2011) found no interaction
between exposure to 2,4-D and malathion in
this study population, and reported no association between exposure to 2,4-D and risk of NHL
in the absence of malathion exposure (OR, 0.94;
95% CI, 0.67–1.33) (Hohenadel et al., 2011) [The
Working Group noted that the response proportion was 48% for population controls, making
selection bias a concern].
Two studies estimated the risk of lympho-haematopoietic cancer associated with exposure to
2,4-D based on measurement of 2,4-D in samples
of household dust. Hartge et al. (2005) conducted
a study of NHL in Iowa, and the metropolitan
region of Seattle, Washington State, Detroit,
Michigan, and Los Angeles County, California,
USA. Population controls were identified by
random-digit telephone dialling and through
Medicare records. Dust samples were collected
from participating households from the subjects’
vacuum-cleaner bag, and 2,4-D concentration
(in ng/g) was measured by gas chromatography/
mass spectrometry. Comcentrations of 2,4-D and
dicamba were higher in the carpets of subjects
reporting residential use of herbicides. There was
no association between 2,4-D concentration and
risk of NHL, and no pattern in the dose–response
relationship with increasing concentration. The
risk estimate for the highest category of 2,4-D
exposure at > 10 µg/g compared with concentrations below the detection limit was 0.82 (95% CI,
0.41–1.66). [The interpretation of this study was
limited by the fact that the half-life of 2,4-D in
house dust is unknown.]
Metayer et al. (2013) conducted a study
of childhood acute lymphocytic leukaemia

2,4-Dichlorophenoxyacetic acid
in northern and central California, USA, in
which samples of household dust were collected
according to a standardized protocol during a
household visit. There was no association between
the concentration of 2,4-D in household dust
(measured by gas chromatography/mass spectrometry) and risk of childhood acute lymphocytic leukaemia (OR, 0.96; 95% CI, 0.85–1.08).
[The half-life of 2,4-D in house dust is unknown.]
Two case–control studies conducted in
Sweden used national registration systems for
identification of cases and population controls.
Hardell et al. (1994) conducted a study on NHL in
Umea, Sweden, in which they identified 105 cases
and 335 controls from 1974 until 1978. Controls
were identified from the national population
registry (living) and national registry for causes
of death (deceased), and were matched to cases on
age, sex, place of residence, vital status and year of
death (for the deceased). Exposure information
was obtained by questionnaire (completed by
proxy for deceased subjects), and exposure was
defined as ever use of the pesticide in occupation
or during leisure time. There was a significantly
increased risk of NHL with use of 2,4-D among
those without exposure to any other phenoxy
herbicide, based on only 3 exposed cases and 1
exposed control (OR, 13; 95% CI, 1.2–360). There
was no estimate presented for exposure to 2,4-D
with statistical adjustment for other phenoxy
herbicides. [The extreme imprecision of the risk
estimate for 2,4-D from this study limited interpretation about the possible magnitude of the
association.]
Nordström et al. (1998) identified 121 male
patients with hairy cell leukaemia who reported
to the Swedish Cancer Registry between 1987–
1982 and 484 age- and country-matched population-based controls identified from national
registries. Information on pesticide use was
collected by mailed questionnaire, with clarification of information by follow-up telephone calls,
if needed. Exposure was defined as a minimum
of one working day of exposure (8 hours) and a

latency period of ≥ 1 year. The association with
ever having been exposed to 2,4-D, specifically,
was reported for hairy cell leukaemia only, based
on two exposed cases and five exposed controls
(OR, 1.6; 95% CI, 0.3–8.3).
In a large case–control study on NHL
(including chronic lymphocytic leukaemia;
n = 1145) in Italy in which exposure was assessed
through consultation by industrial hygienists
and agronomists, there was no association with
ever use of 2,4-D (OR, 0.9, 95% CI, 0.5–1.8; 17
exposed cases) (Miligi et al., 2006a). Greater
than low probability of 2,4-D use was not associated with risk of NHL in men (OR, 0.7; 0.3–1.9;
6 exposed cases) or women (OR, 1.5; 0.4–5.7; 7
exposed cases) (Miligi et al., 2003); however, an
increased risk was observed with greater than
low probability of 2,4-D use in combination with
lack of protective equipment (OR, 4.4; 95% CI,
1.1–29.1; 9 exposed cases) (Miligi et al., 2006a).
The Epilymph study is a large case–control
study of lymphoma (including NHL, Hodgkin
lymphoma, chronic lymphocytic leukaemia, and
multiple myeloma) conducted in six European
countries. Cocco et al. (2013a) evaluated pesticide
exposures in the Epilymph study based on expert
assessment of detailed work histories coupled
with a crop-exposure matrix. Exposure to 2,4-D
was not associated with risk of B-cell lymphoma
in this study (OR, 0.6; 95% CI, 0.1–3.5), based on
two exposed cases and four exposed controls.
[Findings for 2,4-D were mentioned in the text of
the paper with a reference to Table 4. Therefore,
the Working Group interpreted the table entry
labelled “2,4-dichlorophenol” as the association
between 2,4-dichlorophenoxyacetic acid and
B-cell lymphoma.]

2.2.2 Other cancer sites
Most available case–control studies on
soft tissue sarcoma evaluating exposure to
phenoxy herbicides provided effect estimates for
wide exposure categories and did not provide
421

IARC MONOGRAPHS – 113
estimates specifically for exposure to 2,4-D
(Hardell & Sandström, 1979; Eriksson et al.,
1981; Smith et al., 1984; Vineis et al., 1987; Smith
& Christophers, 1992). Two studies including
soft tissue sarcoma did not provide odds ratios
specific for exposure to 2,4-D, but indicated
that risks were not associated with exposure to
2,4-D (Hoar et al., 1986; Woods et al., 1987). One
case–control study on gastric cancer and one on
nasal and nasopharyngeal carcinoma evaluating
exposure to phenoxy herbicides provided effect
estimates for wide exposure categories and did
not provide estimates specifically for exposure to
2,4-D (Hardell et al., 1982; Ekström et al., 1999).
These studies were considered to be uninformative about the carcinogenicity of 2,4-D and are
not reviewed further here.
A case–control study on glioma was
conducted among non-metropolitan residents
of Iowa, Michigan, Minnesota and Wisconsin,
USA (Yiin et al., 2012). The study included
798 histologically confirmed cases of primary
intracranial glioma (45% with proxy respondents) and 1175 population-based controls, aged
18–80 years. Subjects were interviewed face-toface. Information on exposure from questionnaire responses was evaluated by an experienced
industrial hygienist. An inverse association was
observed for non-farm occupational use of 2,4-D
(OR, 0.56; 95% CI, 0.28–1.10); a similar result was
observed when excluding proxy respondents (6
cases) (OR, 0.49; 95% CI, 0.20–1.22). Reported
house and garden use of 2,4-D was also inversely
associated with risk (OR, 0.64; 95% CI, 0.47–0.88;
OR after excluding proxy respondents, 0.76; 95%
CI, 0.51–1.11) [The number of exposed subjects
was very small. Effect estimates were not
presented for farm use of 2,4-D].
Mills et al. (2005) conducted a registry-based
case–control study of cancer of the breast in
Hispanic members of a farm labour union in
California, USA. The study included 128 incident
cases of cancer of the breast (1988–2001) diagnosed among past or present members of a large
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agricultural labour union and identified from the
California cancer registry. The controls were 640
cancer-free members of the same trade union
matched for ethnicity and the case’s attained age
at the time of diagnosis. Exposure was determined from detailed employment records that
were linked to pesticide information obtained
from the Pesticide Databank, a database of
historical pesticide-use records collected by the
California Department of Food and Agriculture.
Exposure to 2,4-D was associated with increased
risk of cancer of the breast (OR, 2.14; 95% CI,
1.06–4.32; 21 cases with “high” 2,4-D exposure)
among cases diagnosed in the second part of the
study period (1995–2001), but not in the first part
(1988–1994), after adjusting for age, date of first
union affiliation, duration of union affiliation,
fertility, and socioeconomic level. [The overall
odds ratio for 2,4-D as calculated by the Working
Group was 1.40 (95% CI, 0.91–2.17]. Exposure
assessment was semi-ecological in this study.
There was no adjustment for several potential
confounders.]

2.3 Meta-analyses
Schinasi & Leon (2014) conducted a metaanalysis of NHL and exposure to pesticides in
agricultural settings. Case–control and cohort
studies were included if they were published in
English language, used interviews, questionnaires or exposure matrices to assess occupational exposure to agricultural pesticides, and
reported quantitative associations of NHL overall
or by subtype with specific active ingredients or
chemical groups. Five papers on case–control
studies contributed to the meta relative-risk estimates for the relationship between occupational
exposure to 2,4-D and NHL overall (Zahm et al.,
1990; Cantor et al., 1992; Mills et al., 2005; Miligi
et al., 2006b; Pahwa et al., 2012). The meta relative-risk for exposure to 2,4-D and NHL was
1.40 (95% CI, 1.03–1.91, I2 = 61.5%). Sensitivity
analyses examining the influence of sex, period
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of diagnosis, and geographical region did not
substantially change the meta relative risk (RR)
for 2,4-D.
A meta-analysis of 2,4-D and cancer by
Goodman et al. (2015) included a larger number
of peer-reviewed observational epidemiological
studies of NHL reported before 9 October 2014
that reported quantitative measures of association specifically for 2,4-D, and also estimated
cancer of the stomach or prostate in relation to
exposure to 2,4-D. In the main analysis, there
were nine studies on NHL (Woods & Polissar,
1989; Hardell et al., 1994; Kogevinas et al., 1995;
De Roos et al., 2003; Hartge et al., 2005; Mills
et al., 2005; Miligi et al., 2006b; Burns et al., 2011;
Hohenadel et al., 2011), three studies on cancer of
the stomach (Lee et al., 2004; Mills & Yang, 2007;
Burns et al., 2011), and two studies on cancer of
the prostate (Band et al., 2011; Burns et al., 2011).
Risk estimates and confidence intervals extracted
from the original studies were log-transformed
before analysis. Exposure to 2,4-D was not associated with NHL (RR, 0.97; 95% CI, 0.77–1.22;
I2 = 28.8%, Pheterogeneity = 0.19). For cancer of the
stomach, the relative risk was 1.14 (95% CI,
0.62–2.10; I2 = 54.9%, Pheterogeneity = 0.11), and
for cancer of the prostate it was 1.32 (95% CI,
0.37–4.69; I2 87.0%, Pheterogeneity = 0.01). The tests
of heterogeneity of effect by exposure source did
not reveal heterogeneity by study design, type of
exposure (agricultural or other), geographical
location, or sex. Sensitivity analyses indicated
that the results were robust to most factors considered. However, after substitution of: (i) a pooled
analysis that adjusted for multiple pesticides (De
Roos et al., 2003) by the three individual studies
(Hoar et al., 1986; Zahm et al., 1990; Cantor et al.,
1992) that were not adjusted; and (ii) a study
considering 2,4-D in the absence of malathion
(Hohenadel et al., 2011) by a study that considered ever exposure to 2,4-D (Pahwa et al., 2012);
and (iii) the unadjusted rather than the adjusted
estimate from another study (Mills et al., 2005),
the meta relative risk for NHL increased to 1.34

(95% CI, 1.04–1.72), and heterogeneity also
increased (I2 = 56.3%, P = 0.011).
The Working Group carried out an additional meta-analysis of 2,4-D and non-Hodgkin
lymphoid neoplasms (including NHL, multiple
myeloma, hairy cell leukaemia, and chronic
lymphocytic leukaemia) (see Table 2.3 for the
key characteristics of the studies included in the
Working Group meta-analysis and a comparison
with the previously published meta-analyses).
Thirteen reports were included in the main
(primary) analysis and 15 reports were included
in a secondary analysis. When the risk estimates
for the primary analysis were displayed on a
funnel plot, the plot was nearly symmetric [this
was interpreted to show no significant evidence
of publication bias] (Fig. 2.1). Where available,
risk estimates were selected for the primary
analysis that adjusted for use of pesticides other
than 2,4-D: De Roos et al. (2003) adjusted for
more than 40 pesticides, Kogevinas et al. (1995)
adjusted for 2,4,5-T and MCPA, Mills et al.
(2005) adjusted for 14 pesticides. In addition, a
risk estimate for 2,4-D in the absence of exposure
to malathion was selected from Hohenadel et al.
(2011), the risk estimate for 2,4-D in the absence
of exposure to DEET was selected from Pahwa
et al. (2006), and a risk estimate in the absence of
any other phenoxy herbicide was selected from
Hardell et al. (1994). Estimates adjusted for other
pesticide use were not available for a further seven
studies included in the meta-analysis: Woods &
Polissar (1989), Miligi et al. (2006b), Cocco et al.
(2013b) (B-cell lymphoma), Nordström et al.
(1998) (hairy cell leukaemia), Brown et al. (1993)
(multiple myeloma), Brown et al. (1990) (chronic
lymphocytic leukaemia), and Burns et al. (2011).
Hartge et al. (2005) was not included in the
Working Group meta-analysis, in contrast to
Goodman et al. (2015), due to the use of exposure
measurement via dust, which was qualitatively
different from the other studies (Table 2.3). In
this analysis, 2,4-D was not associated with risk
of NHL (RR, 1.04; 95% CI; 0.88–1.22; I2 = 6%,
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Study
reference

Burns et al.
(2011)

Cocco et al.
(2013a)
Nordström
et al. (1998)
Mills et al.
(2005)

Relative risk
(95% CI)

Included in
Working Group
analysisa

Included in
previously published
meta-analysis

Primary Second
analysis analysis

Goodman
et al.
(2015)

√

√

0.60 (0.10–3.50)

√

√

1.60 (0.30–8.30)

√

√

√

3.80 (1.85–7.81)

√

3.58 (1.02–12.56)

√

Kogevinas
et al. (1995)

1.11 (0.46–2.65)
1.05 (0.26–4.28)

√

Pahwa et al.
(2012)

1.27 (0.98–1.65)

√

Comments

√

Cohort

NHL

√
√
√

Cohort
Cohort
Cohort

NHL
MM
NHL +
MM
NHL

Dow cohort of 2,4-D production
workers; analysed with three
methods of counting person-time.
We chose cohort 3 for the primary
analysis because it is the most valid
since it was censored at lost-tofollow-up or date of diagnosis
Cohort 2
Cohort 3
Cohort 3 combined SMR for NHL
and MM
B-cell lymphoma

HCL

HCL

NHL

This estimate was rounded to 3.80
(1.85–7.81) for analysis in Schinasi
& Leon (2014)
Adjusted for use of 14 other
pesticides
The upper bound of the 95% CI
was reported as 12.58 in Goodman
et al. (2015)

Case–
control
Case–
control
Cohort

√
√

√

Study
outcome

Schinasi
& Leon
(2014)

1.71 (0.93–2.87)

1.36 (0.74–2.29)
0.79 (0.09–2.87)
1.50 (0.85–2.43)

Exposure– Study
response design
reported

√

√
√
√

Cohort

NHL

Cohort
Cohort

NHL
NHL

Case–
control

NHL

Adjusted for use of the pesticides
2,4,5-T and MCPA
This estimate was rounded to 1.30
(1.00–1.70) for analysis in Schinasi
& Leon (2014)
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Table 2.3 Selected characteristics of studies included in the Working Group meta-analysis (primary and secondary analysis),
and comparison with previously published meta-analyses

Table 2.3 (continued)
Study
reference

Miligi et al.
(2006a)

Relative risk
(95% CI)

0.90 (0.50–1.80)

Included in
Working Group
analysisa

Included in
previously published
meta-analysis

Primary Second
analysis analysis

Goodman
et al.
(2015)

Schinasi
& Leon
(2014)

√

√

√

√

Exposure– Study
response design
reported

NHL +
CLL
NHL +
CLL

Case–
control

NHL

Case–
control

NHL

Case–
control
Case–
control

NHL

√

Case–
control

NHL

1.50 (0.80–2.60)

√

NHL

2.60 (1.40–5.00)

√

Case–
control
Case–
control
Case–
control

Hartge et al.
(2005)

0.89 (0.49–1.59)

Hardell et al.
(1994)

13.00 (1.20–360)

Cantor et al.
(1992)

1.20 (0.90–1.60)

√

√

√

√

1.20 (0.90–1.70)

Hoar et al.
(1986)

1.50 (0.90–2.50)

2.30 (1.30–4.30)

√

√

√
√

√

√

√

√

NHL

NHL
NHL

Comments

Probability of use > low (rated by
hygienist) and lack of protective
equipment. This estimate reflects
the highest exposure
Adjusted for use of other pesticides
Excluded from the Working Group
meta-analysis because 2,4-D
was measured in dust, which
is different from the exposure
assessment for the other studies
Adjusted for use of other pesticides
Estimate for “2,4-D
only”without exposure to other
phenoxyherbicides
Ever handled; 115 exposed cases
Highest exposed: handled without
protective equipment; 89 exposed
cases
Adjusted for use of other pesticides
Presents a more thorough analysis
than Weisenburger (1990), but
with complete overlap in patients
2,4-D use without 2,4,5-T
Adjusted for use of other pesticides
2,4-D use without 2,4,5-T
Overall 2,4-D exposure
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Case–
control
Case–
control

4.40 (1.10–29.10)

Zahm et al.
(1990)

Study
outcome

Study
reference

Relative risk
(95% CI)

Included in
Working Group
analysisa

Included in
previously published
meta-analysis

Primary Second
analysis analysis

Goodman
et al.
(2015)

Hohenadel
et al. (2011)

0.94 (0.67–1.33)

√

De Roos et al.
(2003)

0.90 (0.60–1.20)

√

0.73 (0.40–1.30)

√

√

1.00 (0.60–1.60)

√

√

1.32 (1.01–1.73)
1.30 (0.80–2.00)

Comments

Case–
control

NHL

Case–
control

NHL

√

Case–
control

NHL

√

Case–
control
Case–
control
Case–
control
Case–
control
Case–
control
Case–
control

NHL

Adjusted for use of other
pesticides.
Subset of 2,4-D without malathion
exposure (49 exposed cases), but
may have been exposed to other
pesticides
Adjusted for use of other
pesticides.
Hierarchical regression; pooled
analysis that replaces Cantor et al.
(1992), Zahm et al. (1990), and
Hoar et al. (1986)
Adjusted for use of other
pesticides.
Logistic regression
The same estimate was reported in
Woods et al. (1987)

Schinasi
& Leon
(2014)

√
√

1.25 (0.93–1.68)
1.00 (0.62–1.61)

Study
outcome

√

0.80 (0.60–1.10)
Woods &
Polissar (1989)
Brown et al.
(1993)
McDuffie et al.
(2001)
Brown et al.
(1990)
Pahwa et al.
(2006)

Exposure– Study
response design
reported

√
√

√

MM
NHL
CLL
MM
MM

Adjusted for use of other
pesticides.

The “primary analysis” prioritized inclusion of estimates adjusted for other pesticides, when available, whereas the “second analysis” included estimates unadjusted for concomitant
use of pesticides from the same studies.
2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; CI, confidence interval; CLL, chronic lymphocytic leukaemia; HCL, hairy cell leukaemia; MCPA,
2-methyl-4-chlorophenoxyacetic acid; MM, multiple myeloma; NHL, non-Hodgkin lymphoma; SMR, standardized mortality ratio
a
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Table 2.3 (continued)

2,4-Dichlorophenoxyacetic acid
Fig. 2.1 Funnel plot (with pseudo 95% confidence limits) of cohort and case–control studies
assessing exposure to 2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid
neoplasms: primary analysis

The figure plots the risk estimates for the 13 reports included in the primary analysis
s.e, standard error
Prepared by the Working Group

Table 2.4 Summary of results of the Working Group meta-analysis (primary and secondary
analysis) of epidemiological studies on 2,4-dichlorophenoxyacetic acid (2,4-D) and nonHodgkin lymphoid neoplasms
Analysis
Overall
Most adjusted (primary
analysis)
Least adjusted
(secondary analysis)
By outcome
Non-Hodgkin lymphoma
Multiple myeloma
Chronic lymphocytic
leukaemia

No. of studies
included

I2

Meta-relative risk
(95% CI)

Comments

13

6.00%

1.04 (0.88–1.22)

15

37.60%

1.31 (1.10–1.56)

De Roos et al. (2003) replaces the individual
case–control studies in the midwest USA
Least adjusted estimates when possible,
compare to primary analysis

9

36.30%

1.06 (0.80–1.40)

3
2

0.00%
0.00%

0.99 (0.71–1.39)
1.15 (0.79–1.67)

Primary analysis restricted to non-Hodgkin
lymphoma only, subtypes excluded
Restricted to multiple myeloma
Restricted to chronic lymphocytic
leukaemia
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Fig. 2.2 Forest plot of cohort and case–control studies assessing exposure to
2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid neoplasms: primary analysis)

Prepared by the Working Group

Fig. 2.3 Forest plot of cohort and case–control studies assessing exposure to
2,4-dichlorophenoxyacetic acid (2,4-D) and non-Hodgkin lymphoid neoplasms: secondary
analysis)

Prepared by the Working Group
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Pheterogeneity = 0.386) (Fig. 2.2; Table 2.4). A sensitivity analysis showed positive associations and a
large heterogeneity when risk estimates that were
adjusted for other pesticides (meta relative risk,
1.31; 95% CI, 1.10–1.56; I2 = 37.6%) (Fig. 2.3; Table
2.4). For both the above, an analysis of the effect
of omitting each study in turn did not substantially affect the overall meta relative risk.

3.

Cancer in Experimental Animals

2,4-D and its butyl, isopropyl, and isooctyl
esters were previously reviewed and evaluated
for carcinogenicity by the IARC Monographs
Working Groups for Volume 15 and Supplement
7 (IARC, 1977, 1987) on the basis of studies of
oral administration in rats and mice, and subcutaneous administration in mice. All the studies
considered at the time of these evaluations were
found to have limitations, inadequate reporting,
or inadequate (small) numbers of animals. In
addition, only one dose group was used in most
of the studies. The previous Working Group
(IARC, 1987) concluded that there was inadequate evidence in experimental animals for
the carcinogenicity of 2,4-D. For the present
Monograph, the Working Group evaluated all
relevant studies of carcinogenicity in experimental animals, including those published since
the evaluations made in 1977 and 1987.

3.1 Mouse
See Table 3.1

3.1.1 Oral administration
Groups of 18 male and 18 female
(C57BL/6 × C3H/Anf)F1 mice and groups of 18
male and female (C57BL/6 × AKR)F1 mice were
given commercial 2,4-D (purity, 90%) at a dose
of 46.4 mg/kg body weight (bw) per day in 0.5%
gelatin (in distilled water) by gavage at age 7–28

days, followed by a diet containing 149 mg/kg
bw ad libitum for 18 months. Additional groups
of 18 male and 18 female (C57BL/6 × AKR)F1
mice were given 2,4-D at a dose of 100 mg/kg bw
per day by gavage, and subsequently fed a diet
containing 2,4-D at 323 mg/kg bw for 18 months.
Groups of 18 males and 18 females served as
vehicle controls in all experiments. No significant increase in tumour incidences occurred
in any of the treatment groups. Similar results
were obtained in groups of 18 male and 18 female
(C57BL/6 × C3H/Anf)F1 and (C57BL/6 × AKR)
F1 mice given the 2,4-D isopropyl ester (purity,
99%), butyl ester (purity, 99%), or isooctyl ester
(purity, 97%) at a dose of 46.4 mg/kg bw per day
in 0.5% gelatin by stomach tube, at age 7–28 days,
followed by diets containing the esters at a dose
of 111, 149, or 130 mg/kg bw, respectively, for
18 months (NTIS, 1968; Innes et al., 1969). [The
Working Group noted the inadequate number
of treated and control animals, and the use of a
single dose level.]
Groups of 50 male and 50 female B6C3F1
CRL BR mice were given diets containing 2,4-D
(purity, 96.4%) at a concentration of 0, 5, 62.5, or
125 mg/kg bw (males), and 0, 5, 150 or 300 mg/kg
bw (females) for 104 weeks. There were no treatment-related deaths or clinical signs of toxicity
in either sex. Body weight, body-weight gain, and
food consumption were generally similar among
the groups of males throughout the study. Bodyweight gains of females at 300 mg/kg bw were
non-significantly decreased during the first 18
months of the study. There were no treatment-related increases in the incidence of any tumour
type in males or females (Charles et al., 1996a).
In a study submitted to the EPA (1997), groups
of 50 male and 50 female B6C3F1 mice were given
diets containing 2,4-D (purity, 97.5%) at a dose
of 0, 1, 15, or 45 mg/kg bw for 104 weeks. There
were no treatment-related effects on survival or
body weight. There were no treatment-related
increases in tumour incidences in any treated
group of males or females.
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Strain (sex), age at start
Duration
Reference
2,4-D
(C57BL/6 × C3H/Anf)F1
(F, M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

(C57BL/6 × AKR)F1 (F,
M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

(C57BL/6 × AKR)F1 (F,
M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

B6C3F1 CRL BR (F, M),
age 6–7 wk
104 wk
Charles et al. (1996a)

Dosing regimen
No. of animals/group at start

Results
For each target organ: incidence (%)
and/or multiplicity of tumours

Significance

Comments

2,4-D (purity, 90%) at a dose of
46.4 mg/kg bw per day in 0.5%
gelatin/distilled water by gavage at
age 7–28 days, then diet containing
2,4-D at 149 mg/kg bw per day,
up to 18 mo; controls were given
vehicle only by gavage, followed by
untreated diet
18 M and 18 F/group
2,4-D (purity, 90%) at a dose of
46.4 mg/kg bw per day in 0.5%
gelatin/distilled water by gavage at
age 7–28 days, then diet containing
2,4-D at 149 mg/kg bw per day, up
to age 18 mo; controls were given
vehicle only by gavage, followed by
untreated diet
18 M and 18 F/group
2,4-D (purity, 90%) at a dose of
100 mg/kg bw per day in 0.5%
gelatin/distilled water by gavage at
age 7–28 days, then diet containing
2,4-D at 323 mg/kg bw per day, up
to age 18 mo; controls were given
vehicle only by gavage, followed by
untreated diet
18 M and 18 F/group
Diets containing 2,4-D (purity,
96.4%) at a concentration of 0, 5,
62.5, 125 mg/kg bw per day (M) or
0, 5, 150, 300 mg/kg bw per day (F)
for 104 wk
50 M and 50 F/group

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/18, 15/18
Survival, F: 16/18, 16/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 18/18, 16/18
Survival, F: 15/18, 16/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 18/18, 11/18
Survival, F: 15/18, 13/18

Liver
Hepatocellular adenoma:
M: 12/50, 9/50, 13/50, 16/50
F: 5/50, 11/50, 8/50, 10/50
Hepatocellular carcinoma:
M: 6/50, 3/50, 7/50, 4/50
F: 1/50, 2/50, 0/50, 1/50

NS

NS
NS

Strengths: covered most of the lifespan
Body-weight gain in females decreased
during the first 18 mo of the study, but
was not affected in males
All mice survived to the end of the
study
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Table 3.1 Studiesa of carcinogenicity with 2,4-D and its esters in mice

Table 3.1 (continued)
Strain (sex), age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target organ: incidence (%)
and/or multiplicity of tumours

Significance

Comments

B6C3F1 (F, M), age NR
104 wk
EPA (1997)

Diets containing 2,4-D (purity,
97.5%) at a concentration of 0, 1, 15,
or 45 mg/kg bw per day, for 104 wk
50 M and 50 F/group

–

Strengths: covered most of the lifespan
Survival, NR

(C57BL/6 × C3H/Anf)F1
(F, M), age 28 days
18 mo
NTIS (1968)

Single s.c. injection of 2,4-D
(purity, 90%) at a dose of 0, or
215 mg/kg bw in DMSO
24 M and 24 F/group (controls)
18 M and 18 F/group (215 mg/kg
bw)
Single s.c. injection of 2,4-D
(purity, 90%) at a dose of 0, or
215 mg/kg bw in DMSO
24 M and 24 F/group (controls)
18 M and 18 F/group (215 mg/kg
bw)

No increase in the incidence of any
tumour type (M or F)
Pulmonary adenoma, multiplicity:
14.6 ± 0.8, 15.0 ± 0.8, 18.7 ± 0.9,
14.9 ± 0.8
No increase in the incidence of any
tumour type (M or F)

No increase in the incidence of any
tumour type (M or F)

–

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/18, 18/18
Survival, F: 16/18, 18/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 18/18, 17/18
Survival, F: 15/18, 14/18

(C57BL/6 × AKR)F1
(F, M), age 28 days
18 mo
NTIS (1968)
2,4-D esters
(C57BL/6 × C3H/Anf)F1
(F, M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 23/24, 16/18
Survival, F: 23/24, 17/18
Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 22/24, 18/18
Survival, F: 24/24, 18/18
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(C57BL/6 × AKR)F1, (F,
M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

2,4-D isopropyl ester (purity, 99%)
at a dose of 46.6 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D isopropyl ester at
111 mg/kg bw per day, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group
2,4-D isopropyl ester (purity, 99%)
at a dose of 46.6 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D isopropyl ester at
111 mg/kg bw per day, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group

NS

Strain (sex), age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target organ: incidence (%)
and/or multiplicity of tumours

Significance

Comments

(C57BL/6 × C3H/Anf)F1,
(F, M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

2,4-D butyl ester (purity, 99%) at
a dose of 46.4 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D butyl ester at
149 mg/kg bw per diet, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group
2,4-D butyl ester (purity, 99%) at
a dose of 46.4 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D butyl ester at
149 mg/kg bw per day, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group
2,4-D isooctyl ester (purity, 97%)
at a dose of 46.4 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D butyl ester at
130 mg/kg bw per day, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group
2,4-D isooctyl ester (purity, 97%)
at a dose of 46.4 mg/kg bw per day
in 0.5% gelatin/distilled water by
gavage at age 7–28 days, then diet
containing 2,4-D butyl ester at
130 mg/kg bw per day, up to 18 mo;
controls were given vehicle only by
gavage, followed by untreated diet
18 M and 18 F/group

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/18, 17/18
Survival, F: 16/18, 17/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 18/18, 18/18
Survival, F: 15/18, 16/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/18, 16/18
Survival, F: 16/18, 16/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 18/18, 17/18
Survival, F: 15/18, 16/18

(C57BL/6 × AKR)F1, (F,
M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

(C57BL/6 × C3H/Anf)F1
(F, M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)

(C57BL/6 × AKR)F1 (F,
M), age 7 days
18 mo
NTIS (1968); Innes et al.
(1969)
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Table 3.1 (continued)

Table 3.1 (continued)
Dosing regimen
No. of animals/group at start

Results
For each target organ: incidence (%)
and/or multiplicity of tumours

Significance

Comments

(C57BL/6 × C3H/Anf)F1
(F, M), age 28 days
18 mo
NTIS (1968)

Single s.c. injection of 2,4-D
isopropyl ester (purity, 99%) at a
dose of 0, or 100 mg/kg bw in corn
oil
24 M and 24 F/group (controls)
18 M and 18 F/group (100 mg/kg
bw)
Single s.c. injection of 2,4-D
isopropyl ester (purity, 99%) at a
dose of 0, or 100 mg/kg bw in corn
oil
24 M and 24 F/group (controls)
18 M and 18 F/group (100 mg/kg
bw)
Single s.c. injection of 2,4-D butyl
ester, (purity, 99%) at a dose of 0, or
21.5 mg/kg bw in corn oil
24 M and 24 F/group (controls)
18 M and 18 F/group (21.5 mg/kg
bw)
Single s.c. injection of 2,4-D butyl
ester, (purity, 99%) at a dose of 0, or
21.5 mg/kg bw in corn oil
24 M and 24 F/group (controls)
18 M and 18 F/group (21.5 mg/kg
bw)
Single s.c. injection of 2,4-D
isooctyl ester (purity, 97%) at a
dose of 0, or 21.5 mg/kg bw in corn
oil
24 M and 24 F/group (controls)
18 M and 18 F/group (21.5 mg/kg
bw)

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 17/24, 16/18
Survival, F: 21/24, 18/18

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/24, 16/18
Survival, F: 19/24, 16/18

No increase in the incidence of any
tumour type (M or F)

–

No increase in the incidence of any
tumour type (M or F)

–

No increase in the incidence of any
tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 17/24, 16/18
Survival, F: 21/24, 18/18
Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/24, 18/18
Survival, F: 19/24, 16/18
Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 17/24, 16/18
Survival, F: 21/24, 16/18

(C57BL/6 × AKR)F1
(F, M), age 28 days
18 mo
NTIS (1968)

(C57BL/6 × C3H/Anf)F1
(F, M), age 28 days
18 mo
NTIS (1968)
(C57BL/6 × AKR)F1
(F, M), age 28 days
18 mo
NTIS (1968)
(C57BL/6 × C3H/Anf)F1
(F, M), age 28 days
18 mo
NTIS (1968)
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Strain (sex), age at start
Duration
Reference

Strain (sex), age at start
Duration
Reference

Dosing regimen
No. of animals/group at start

Results
For each target organ: incidence (%)
and/or multiplicity of tumours

(C57BL/6 × AKR)F1
(F, M), age 28 days
18 mo
NTIS (1968)

Single s.c. injection of 2,4-D
isooctyl ester (purity, 97%) at a
dose of 0, or 21.5 mg/kg bw in corn
oil

Haematopoietic system
Reticulum cell sarcoma:
M: 0/16, 0/18
F: 0/19, 5/17

CD-1 (M), age 3 wk
(weanling)
15 wk
Blakley et al. (1992)
Co-carcinogenicity study

Drinking-water containing a
commercial amine formulation
of 2,4-D (purity, NR) at a dose of
0, 10, 25, or 50 mg/kg bw per day,
for 15 wk. After 3 wk of treatment,
mice were given a single i.p.
injection of urethane at 1.5 g/kg bw
in saline, and were killed after the
15-wk exposure period
25/group
Pregnant mice given drinkingwater containing a commercial
amine formulation of 2,4-D
(purity, NR) at a dose of 0, 15, 65,
or 650 mg/kg bw on days 6–16
of gestation. At age 7 wk, female
offspring were given a single i.p.
injection of urethane at 1.5 g/kg
bw in saline, and killed 19 wk after
birth
25/group

Lung
Pulmonary adenoma, multiplicity:
6.7 ± 0.7, 12.0 ± 1.7*, 11.3 ± 2.1,
9.5 ± 1.6

CD-1 (F), age 6–7 wk
19 wk
Lee et al. (2000)
Co-carcinogenicity study

Lung
Pulmonary adenoma, multiplicity:
14.6 ± 0.8, 15.0 ± 0.8, 18.7 ± 0.9,
14.9 ± 0.8

Significance

NS
[P < 0.02,
Fisher exact
test]
*P = 0.0207

NS

Comments

Strengths: covered most of the lifespan
Limitations: inadequate numbers of
animals; only one dose group; study
poorly reported
Survival, M: 16/24, 18/18
Survival, F: 19/24, 17/18
Limitations: short duration, inadequate
numbers of animals, only included
males

Limitations: short duration, inadequate
numbers of animals, only included
females
In-utero exposure to 2,4-D did not
affect the number of urethane-induced
adenomas

All studies are full studies of carcinogenicity, unless otherwise stated
–, no significance test performed; 2,4-D, 2,4-dichlorophenoxyacetic acid; bw, body weight; DMSO, dimethyl sulfoxide; F, female; i.p., intraperitoneal; M, male; mo, month; NA, not
applicable; NR, not reported; NS, not significant; s.c., subcutaneous; wk, week
a
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Table 3.1 (continued)

2,4-Dichlorophenoxyacetic acid

3.1.2 Subcutaneous injection
Groups of 18 male and 18 female
(C57BL/6 × C3H/Anf)F1 mice and groups of
18 male and female (C57BL/6 × AKR)F1 mice
were given single subcutaneous injections of
2,4-D (purity, 90%) at a dose of 215 mg/kg bw
in dimethyl sulfoxide (DMSO) at age 28 days,
and observed for 18 months. At termination of
the study, 16–18 mice in the four treated groups
were still alive. Groups of 24 male and 24 female
mice served as vehicle controls in all experiments. There were no treatment-related increases
in tumour incidences in any of the treatment
groups.
Tumour incidences were not increased in
groups of 18 male and 18 female (C57BL/6 × C3H/
Anf)F1 mice, and 18 male and 18 female
(C57BL/6 × AKR)F1 mice given single subcutaneous injections of 2,4-D butyl esters (purity,
90%) at a dose of 21.5 mg/kg bw, or 2,4-D isopropyl
esters (purity, 90%) at a dose of 100 mg/kg bw, in
corn oil. However, in (C57BL/6 × AKR)F1 mice
similarly injected with the isooctyl ester of 2,4-D
(purity, 97%) at a dose of 21.5 mg/kg bw in corn
oil, 5 out of 17 female (C57BL/6 × AKR)F1 mice
developed reticulum cell sarcoma [P < 0.02,
versus 0 out of 19 controls]; there was no increase
in tumour incidence in males treated with the
isooctyl ester, or in (C57BL/6 × C3H/Anf)F1
male and female mice treated with the isooctyl
ester (NTIS, 1968). [The Working Group noted
the inadequate number of treated and control
animals, the use of a single injection and of a
single dose. The Working Group also noted
that reticulum cell sarcoma may be classified by
current terminology as histiocytic sarcoma or as
a type of mixed cell malignant lymphoma.]

3.1.3 Coadministration with a known
carcinogen
Groups of 25 male CD-1 mice were given
drinking-water containing a commercial amine
formulation of 2,4-D [containing 2,4-D at 140 g/L;
the content of other chemicals was not reported]
at a concentration of 0, 10, 25, or 50 mg/kg bw
per day for 15 weeks. After 3 weeks, the mice
were given a single intraperitoneal injection of
urethane at a dose of 1.5 g/kg bw in saline. The
effect of 2,4-D on urethane-induced formation of
pulmonary adenoma was evaluated 84 days after
urethane injection. Treatment with 2,4-D significantly increased the multiplicity of pulmonary
adenoma (6.7 ± 0.7, 12.0 ± 1.7*, 11.3 ± 2.1, 9.5 ± 1.6;
*P = 0.0207) (Blakley et al., 1992).
Pregnant CD-1 mice were given drinking-water containing a commercial amine
formulation of 2,4-D [the chemical content was
not reported] at a concentration of 0, 15, 65, or
650 mg/kg bw on days 6–16 of gestation. At age
7 weeks, female offspring were given a single
intraperitoneal injection of urethane at a dose
of 1.5 g/kg bw in saline. The effect of 2,4-D on
urethane-induced formation of pulmonary
adenoma was evaluated in female offspring 19
weeks after birth. Treatment with 2,4-D did
not significantly increase the multiplicity of
pulmonary adenoma (14.6 ± 0.8, 15.0 ± 0.8,
18.7 ± 0.9, 14.9 ± 0.8, respectively) (Lee et al.,
2000).

3.2 Rat
See Table 3.2

Oral administration
Groups of 25 male and 25 female OsborneMendel rats (age, 3 weeks) were given diets
containing 2,4-D (purity, 96.7%) at a concentration of 0, 5, 25, 125, 625, or 1250 ppm for 2 years.
All rats were killed and necropsied after 2 years,
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Strain (sex), age at
start
Duration
Reference

Dosing regimen
No. animals/group at start

Results
For each target organ:
incidence (%) and/or
multiplicity of tumours

Significance

Comments

Osborne-Mendel
(F, M), age 3 wk
2 yr
Hansen et al. (1971)

Diets containing 2,4-D (purity,
96.7%)
at a concentration of 0, 5, 25,
125, 625, or 1250 ppm for
2 years
25 M and 25 F/group

No increase in the incidence
of any tumour type (M or F)

–

Strengths: covered most of the lifespan
Limitations: detailed histopathological examination of
tissues does not appear to have been consistent across all
dose groups: all tissues from 6 males and 6 females from
the 1250-ppm and control groups examined, and certain
tissues in other groups; inadequate numbers of animals
No significant differences in survival, mean body
weights, or relative organ weights between controls (M
and F) and dosed rats
Strengths: covered most of the lifespan
Decrease in body-weight gains in females at the highest
dose
Survival, NR

F344 (F, M), age NR Diets containing 2,4-D (purity,
104 wk
97.5%) at a dose of 0, 1, 5, 15, or
EPA (1997)
45 mg/kg bw per day, for 104 wk
60 F and 60 M/group
F344 (F, M), age
5 wk
104 wk
Charles et al.
(1996a); EPA (1997)

Diets containing 2,4-D (purity,
96.4%) et a dose of 0, 5, 75, or
150 mg/kg bw per day, for 104
wk
50, 50, 50, 50
28, 25, 33, 36

Brain
Astrocytoma:
M: 1/60, 0/60, 0/60, 2/58,
6/60
F: 0/60, 1/60, 2/60, 1/60, 1/60
Brain
Astrocytoma:
M: 0/50, 0/50, 0/50, 1/50
F: 1/50, 0/50, 0/50, 1/50

P = 0.0026,
trend
NS

NS
NS

Strengths: covered most of the lifespan
Body-weight gains and average food consumption were
decreased throughout the study at the highest dose level
(M and F)
Survival, M: 28/50, 25/50, 33/50, 36/50
Survival, F: 35/50, 39/50, 40/50, 35/50

All studies are full studies of carcinogenicity, unless otherwise stated
2,4-D, 2,4-dichlorophenoxyacetic acid; bw, body weight; DMSO, dimethyl sulfoxide; F, female; i.p., intraperitoneal; M, male; mo, month; NA, not applicable; NR, not reported; NS, not
significant; s.c., subcutaneous; wk, week
a
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Table 3.2 Studiesa of carcinogenicity with 2,4-D in rats

2,4-Dichlorophenoxyacetic acid
except for one rat at the highest dose that died
during the experiment. Microscopic examinations were conducted on heart, lung, liver, spleen,
kidney, stomach, intestines, pancreas, pituitary,
thyroid, adrenal, bone (including marrow), ovary
and uterus (or testis and prostate), tumours,
and other gross lesions from six males and six
females from the group at the highest dose and
the control group. Only the liver, kidney, spleen,
ovary (or testis), tumours and other gross lesions
from rats at other doses were subjected to microscopic examination. Treatment with 2,4-D did
not affect survival, body weight, or organ weights
at any dose. There were no treatment-related
increases in tumour incidences in any treated
group of males or females (Hansen et al., 1971).
[The Working Group noted that microscopic
evaluations were not performed on a standard
comprehensive list of tissues and organs across
all dose groups].
In a study submitted to the United States EPA
(EPA, 1997), groups of 60 male and 60 female
F344 rats were given diets containing 2,4-D
(purity, 97.5%) at a dose of 0 (control), 1, 5, 15,
or 45 mg/kg bw per day for 2 years. Body-weight
gains were significantly decreased in females at
the highest dose, relative to controls. The incidences of astrocytoma in the brain in the control
group, and the groups at 1, 5, 15, and 45 mg/kg
bw were: 1/60, 0/60, 0/60, 2/58, and 6/60 in males,
respectively; and 0/60, 1/60, 2/60, 1/60, and 1/60
in females, respectively. In males, the incidence
of astrocytoma showed a statistically significant
positive trend (P = 0.0026), but the incidence in
the group at the highest dose was not statistically
significant.
In a study of combined long-term toxicity
and carcinogenicity, groups of 50 male and 50
female F344 rats were given diets containing
2,4-D (purity, 96.4%) at a dose of 0, 5, 75, or
150 mg/kg bw for up to 104 weeks. There were
no treatment-related deaths. Body-weight gains
and average food consumption were decreased
throughout the study in males and females at

the highest dose. There was no treatment-related increase in the incidence of any tumour,
including astrocytoma of the brain. The incidence of astrocytoma was: 0/50, 0/50, 0/50, 1/50
in males, respectively; and 1/50, 0/50, 0/50, 1/50
in females, respectively (Charles et al. 1996a;
EPA, 1997).
[The Working Group noted that the study by
Charles et al. (1996a) was designed to address the
finding of a significant positive trend in the incidence of astrocytoma of the brain (with no pairwise significance) found in the study submitted
to the EPA (1997). In the study by Charles et al.
(1996a), the rats were given higher doses, and
there was no significant increase in the incidence
of astrocytoma of the brain (Charles et al., 1996a;
EPA, 1997).]

3.3 Dog
A hospital-based case–control study of pet
dogs examined the risk of developing canine
malignant lymphoma associated with the use
of 2,4-D in and about the dog owner’s home.
Dogs with histopathologically confirmed malignant lymphoma, newly diagnosed over a 4-year
period, were identified using computerized
medical-record abstracts from three veterinary medical teaching hospitals in the states of
Colorado, Indiana, and Minnesota, USA. Two
comparison control groups, matched by age
group, but not by sex, were chosen from dogs
seen at the same teaching hospital in the same
year as the identified case, with one-to-one
matching for each control group. The first control
group (tumour control) was selected from all
other tumour cases diagnosed at the teaching
hospital, excluding transitional cell carcinoma
of the lower urinary tract because of a potential etiology related to chemical exposures. The
second control group (non-tumour control) was
selected from dogs seen for any other diagnostic
reason, excluding those with conditions possibly
related to chemical exposures (e.g. nonspecific
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dermatitis, neuropathies). Owners of dogs in the
case and control groups were sent a standardized
questionnaire requesting information about the
demographic characteristics of all people living
in their home, basic information about the dog’s
life history, household use of chemicals (in and
about the home), including those directly applied
to the pet, and personal use of chemicals of whatever kind on the lawn and garden and/or the
employment of commercial companies applying
such chemicals. In addition, owners were asked
about opportunities for exposure of their pets to
lawn and garden chemicals, including frequency
of access to the yard. The questionnaire did not
provide a list of chemicals that the owner could
consult in responding to the various questions
regarding home, lawn, and gardening chemicals. Information from the self-administered
questionnaire and/or a telephone interview of
owners of 491 cases, 466 non-tumour controls,
and 479 tumour controls indicated that owners
of dogs that developed malignant lymphoma
had applied 2,4-D herbicides to their lawn and/
or employed commercial lawn-care companies
to treat their yard significantly more frequently
than control owners (OR, 1.3; 95% CI, 1.04–1.67).
The risk of canine malignant lymphoma rose to a
twofold (OR, 2.0; 95% CI, 0.92–4.15) non-significant excess with four or more lawn applications
of 2,4-D per year by the owner. The findings in
this study were consistent with those of studies
of occupational exposure in humans, which
have reported modest associations between
agricultural exposure to 2,4-D and increased
risk of NHL, the histology and epidemiology of
which are similar to those of canine malignant
lymphoma (Hayes et al., 1991). [The Working
Group noted that details on the assessment
procedures were described very briefly, and that
information on the type of chemicals applied
to the lawns of the respondents by commercial
companies was not provided.]
Hayes et al. (1995), responding to a review of
their earlier article (Hayes et al., 1991) by Carlo
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et al. (1992), presented additional data and a
subsequent analysis showing that risk estimates
did not vary by type of control group (tumour
control or non-tumour control), by method of
response (self-administered or telephone interview) or by geographical area of recruitment of
the subjects.
A re-analysis of the original data was reported
by Kaneene & Miller (1999). This re-analysis
included a reclassification of exposure to 2,4-D,
and a considerable number of the animals characterized as exposed in the original analysis
by Hayes et al. (1991) were considered to be
non-exposed in the re-analysis. The odds ratio
for owner and/or commercial application was
slightly lower and non-significant in the re-analysis (OR, 1.2; 95% CI, 0.87–1.65) compared to
that in the original article (OR, 1.3; 95% CI,
1.04–1.67) by Hayes et al. (1991). In the re-analysis, there was also no clear dose–response relationship found for level of lawn treatment by the
owner, although a non-significant elevated odds
ratio was still observed in the highest quartile of
exposure (four or more applications per year by
the owner) versus non-exposed (OR, 2.4; 95% CI,
0.87–6.72) [no P value for trend was reported].
[The Working Group noted that although
Kaneene & Miller (1999) extensively revised the
exposure assessment, the re-analysis still lacked
information on type of commercial application,
as did the original analysis by Hayes et al. (1991).
In addition, the classification as non-exposed of
many animals that had been previously classified as exposed to applications by commercial
companies in the original article may have led
to exposure misclassification of the non-exposed
group.]
[Overall, results from the original article,
the subsequent analysis and the re-analysis were
difficult to interpret due to potential exposure
misclassification.]

2,4-Dichlorophenoxyacetic acid

4.

Mechanistic and Other
Relevant Data

4.1 Toxicokinetics
4.1.1 Humans
(a)

Absorption, distribution, and excretion

2,4-D and its salts and esters are readily
absorbed after exposure. Dermal absorption has
been demonstrated experimentally in humans,
with about 5% of the dermally applied dose
recovered in the urine in two studies (Feldmann
& Maibach, 1974; Harris & Solomon, 1992).
However, another study reported that absorption
ranged from 7% to 14% depending on the vehicle
(water or acetone), and on whether a mosquito
repellent (DEET; N,N-diethyl-meta-toluamide)
was also applied (Moody et al., 1992). A review of
studies of dermal absorption reported a weighted
average (± standard deviation) absorption rate of
5.7% (± 3.4%) (Ross et al., 2005). In skin from
human cadavers, the relative percentage of
dermal absorption of 2,4-D from contaminated
soil increased as soil loadings of 2,4-D decreased
(Duff & Kissel, 1996). Absorption after inhalation has not been directly measured experimentally in humans.
Experimental studies in humans demonstrated essentially complete absorption in the
gastrointestinal tract after oral exposure (Kohli
et al., 1974; Sauerhoff et al., 1977). 2,4-D has
been detected in plasma after oral exposure, with
terminal plasma half-lives of 7–16 hours, and
urinary elimination half-lives of 10–30 hours
(Sauerhoff et al., 1977). A somewhat slower elimination half-life of around 33 hours was reported
in another study (Kohli et al., 1974). However,
both results suggested that 2,4-D would not accumulate with repeated exposure. Additionally,
Sauerhoff et al. (1977) reported a distribution
volume of around 300 mL/kg, suggesting some
distribution to tissues. Like other organic acids

of low relative molecular mass, 2,4-D is reversibly bound to plasma proteins, which explains
the relatively low distribution volume. For
instance, several studies have suggested that
2,4-D binds to human serum albumin (Rosso
et al., 1998, Purcell et al., 2001). Rosso et al. (1998)
reported that 2,4-D has a poor ability to penetrate membranes.
Available data suggested that excretion of
2,4-D is largely, if not completely, via the urine,
regardless of the route of exposure (Feldmann &
Maibach, 1974; Kohli et al., 1974; Sauerhoff et al.,
1977). The rate of excretion exceeds that which
would be expected by passive glomerular filtration, consistent with a role for active transport in
the kidney. Based on uptake measured in human
kidney slices, organic anion transporter 1 (OAT1)
appeared to be largely responsible for the ability of
the kidney to excrete 2,4-D (Nozaki et al., 2007).
While mainly expressed in the kidney, OAT1 is
also expressed at lower levels in the human brain
(Burckhardt & Wolff, 2000), and thus may play
a role in the blood–brain distribution of 2,4-D
(Gao & Meier, 2001).
(b)

Metabolism

The salts and esters of 2,4-D are hydrolysed
in vivo to 2,4-D, which undergoes a minor
amount of metabolism in humans. In one study,
75% of an administered oral dose was excreted
unchanged in the urine after 96 hours (Kohli
et al., 1974). In another study of oral dosing, 13%
of the administered dose was excreted as a 2,4-D
hydrolysable conjugates, with about 82% excreted
as unchanged 2,4-D (Sauerhoff et al., 1977). The
identities of metabolites were not determined in
these studies. One study using human CYP3A4
expressed in yeast reported metabolism of 2,4-D
to 2,4-dichlorophenol (2,4-DCP) (Mehmood
et al., 1996), but no data confirming metabolism
of 2,4-D to 2,4-DCP in exposed humans were
available.
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4.1.2 Experimental systems
The toxicokinetics of 2,4-D has been studied
in multiple species, but only studies in mammals
are discussed here.
(a)

Absorption, distribution, and excretion

2,4-D is readily absorbed by all experimental
animal species tested. Absorption from the lung
has been measured in rats in one study, although
2,4-D was administered through a tracheal
cannula to anaesthetized animals (Burton et al.,
1974). The rate of absorption was found to be
rapid, with a half-time of 1.4 minutes and no
evidence of saturation up to a concentration of
10 mM (Burton et al., 1974). Rapid and nearly
complete absorption via the oral route has been
reported in multiple species, including mice,
rats, hamsters, dogs, pigs, and calves (Erne 1966;
Pelletier et al., 1989; Griffin et al., 1997; van
Ravenzwaay et al., 2003). Dermal absorption has
also been measured in multiple species, including
mice, rats, rabbits, and monkeys, with absorption rates between 6% and 36% (Grissom et al.,
1985; Pelletier et al., 1989; Moody et al., 1990;
Knopp & Schiller 1992). Multiple experimental
studies have also reported that 2,4-D absorption
is enhanced by ethanol consumption or application of topical sunscreens, moisturizers, or insect
repellents (Pelletier et al., 1990; Brand et al., 2003,
2007a, b, c; Pont et al., 2003).
After absorption, 2,4-D readily distributes
to tissues via systemic circulation. In all species
tested, it is detected in the plasma after oral or
dermal exposure. In a study in rats given radiobelled 2,4-D by oral or dermal administration,
peak concentrations of radiolabel in the blood
and kidney were reached within 30 minutes of
administration by either route (Pelletier et al.,
1989). In another study in rats given radiolabelled
2,4-D by oral administration, peak concentrations in tissues were reached 6–20 hours after
exposure, with the highest levels in the lung,
heart, liver, spleen, and kidney, and the lowest
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levels in adipose tissue and brain (Deregowski
et al., 1990). In a study of toxicokinetics in male
and female mice and rats given 2,4-D as an oral
dose at 5 mg/kg bw, the highest peak concentrations were found in the kidney (Griffin et al.,
1997). At a higher oral dose of 200 mg/kg bw,
blood concentrations were nearly equal to or
higher than kidney concentrations in mice and
hamsters (Griffin et al., 1997). In studies in
rats, rabbits, and goats, administration of 2,4-D
during pregnancy or lactation lead to distribution of 2,4-D to the fetus or to milk (Kim et al.,
1996; Sandberg et al., 1996; Stürtz et al., 2000;
Barnekow et al., 2001; Stürtz et al., 2006; Saghir
et al., 2013).
Like other organic acids of low relative
molecular mass, 2,4-D is reversibly bound to
plasma proteins (Arnold & Beasley, 1989). In
studies in rats, dogs, and goats given 2,4-D
orally, the binding fraction was reported to be
more than 85% (Örberg, 1980; Griffin et al., 1997;
van Ravenzwaay et al., 2003). Plasma binding
explains the relatively low apparent volume
of distribution (van Ravenzwaay et al., 2003).
Binding specifically to bovine serum albumins
has been measured in vitro (Mason, 1975; Fang
& Lindstrom 1980).
In rats, a disproportionate increase in plasma
concentrations of 2,4-D, consistent with saturation of elimination, occurs as doses increase
(Saghir et al., 2006). The lowest dietary dose at
which this disproportionality has been observed
was between 25 and 79 mg/kg bw per day,
depending on sex and life-stage (pups, adults,
pregnant, lactating) (Saghir et al., 2013).
Several studies in rats and rabbits have
examined the distribution of 2,4-D to the brain
at higher exposures (Kim et al., 1988; Tyynelä
et al., 1990; Kim et al., 1994). OAT1 is expressed
in the rat and mouse brain (Burckhardt & Wolff,
2000), and may play a role in the distribution of
2,4-D to the brain (Gao & Meier, 2001). Brain
concentrations of 2,4-D at exposures above
100 mg/kg bw appear higher than would be

2,4-Dichlorophenoxyacetic acid
expected based on passive diffusion, given the
plasma protein binding of 2,4-D (Tyynelä et al.,
1990). Additionally, no increase in permeability
of the blood–brain barrier was found (Kim et al.,
1988). Mechanistic studies suggest that alterations in OAT1 or other transporters at higher
exposures of 2,4-D may be responsible for this
accumulation (Pritchard, 1980; Kim et al., 1983).
Excretion of 2,4-D is largely via the urine.
After oral administration at 5–50 mg/kg bw, the
percentage of 2,4-D recovered in the urine was
81–97% in rats, 71–81% in hamsters, and 54–94%
in mice (Griffin et al., 1997; van Ravenzwaay
et al., 2003). As in humans, it appears that
organic anion transporters, such as OAT1, are
responsible for active transport into the kidney,
which facilitates excretion (Imaoka et al., 2004).
In dogs only 20–38% was recovered in urine
after 72 hours, with an additional 10–24% in the
faeces (van Ravenzwaay et al., 2003). Moreover,
the half-life in dogs appears to be much longer
than in other species, even accounting for allometric differences due to differences in body size,
leading to much higher body burdens of 2,4-D
for a given exposure (van Ravenzwaay et al.,
2003; Timchalk, 2004).
(b)

Metabolism

The salts and esters of 2,4-D are hydrolysed
in vivo to 2,4-D. In most experimental systems,
2,4-D undergoes only limited metabolism to
conjugates before excretion. In one study of oral
administration, no metabolites were detected in
rats, glycine and taurine conjugates of 2,4-D were
detected in hamsters and mice, and glucuronide
conjugates of 2,4-D were detected in hamsters
only (Griffin et al., 1997). In mice, these conjugates
accounted for less than 20% of urinary excretion
at 5 mg/kg bw, but almost 50% at 200 mg/kg bw.
In hamsters, which were only exposed to 2,4-D
at 200 mg/kg bw, metabolites accounted for less
than 13% of urinary excretion. No metabolites
were detected in a study of goats given 2,4-D
(Örberg, 1980). In a study comparing rats and

dogs, no metabolite in rat urine exceeded 2% of
the administered dose. Numerous metabolites
were detected in dogs (van Ravenzwaay et al.,
2003); the most abundant 2,4-D conjugates were
those with glycine (about 34% of the administered
dose at 120 hours) and glucuronide (7%), and
were more abundant than the parent compound,
2,4-D (1%) (van Ravenzwaay et al., 2003). [The
Working Group noted that these data suggested
that dogs have a lower capacity to excrete 2,4-D
than other species studied.] After administration
of 2,4-D, 2,4-DCP has been reported in the rat
kidney (Aydin et al., 2005), goat milk and fat, and
chicken eggs and liver (Barnekow et al., 2001).

4.1.3 Modulation of metabolic enzymes
No data on modulation of metabolic enzymes
in humans were available to the Working Group.
At the median lethal dose (LD50, 375 mg/kg), a
single gavage dose of 2,4-D induced cytochrome
P450 (CYP1A1, CYP1A2, and CYP1B1) mRNAs
in the mammary gland, liver, and kidney of
female Sprague-Dawley rats (Badawi et al., 2000).
In mouse liver, dietary exposure to 2,4-D at
a concentration of 0.125% (w/w) induced total
cytochrome oxidase activity and the activities
of cytosolic and microsomal epoxide hydrolases (Lundgren et al., 1987). A less pronounced
increase in total cytosolic glutathione transferase
activity was observed. Total protein levels of
CYP450 and cytosolic epoxide hydrolase were
induced [probably due to induction of CYP4A
mediated by peroxisome proliferator-activated
receptor (PPAR).]

4.2 Mechanisms of carcinogenesis
4.2.1 Genotoxicity and related effects
2,4-D has been studied in a variety of assays
for genotoxic and related potential. Table 4.1,
Table 4.2, Table 4.3, and Table 4.4 summarize
the studies carried out in exposed humans, in
441

Tissue

Cell type (if
specified)

End-point

Test

Description of exposed and
controls

Response,
significance

Blood

Lymphocytes
isolated

Chromosomal Micronucleus
damage
formation

Blood

Lymphocytes

Chromosomal Micronucleus
damage
formation

Blood

Lymphocytes

Chromosomal Chromosomal
damage
aberrations,
V(D)J region
rearrangements

12 applicators spraying only
2,4-D and 9 non-exposed
controls
12 male applicators exposed
solely to 2,4-D during a
3-month period
24 forest/roadside pesticide
applicators exposed to 2,4-D;
15 non-exposed controls

–

Figgs et al.
(2000)

–

Holland et al.
(2002)

Blood

Lymphocytes

DNA damage

Comet assay

10 subjects exposed to a
pesticide mixture (atrazine,
alachlor, cyanazine, 2,4-D,
malathion) for 22.2 yr (range,
4–30 yr); 10 controls, matched
for sex, age, and smoking status

(+)

Blood

Lymphocytes

DNA and
chromosomal
damage

Comet assay
(DNA damage),
chromosomal
aberrations,
micronucleus
formation,
sister-chromatid
exchanges

20 subjects exposed to a
pesticide mixture (atrazine,
alachlor, cyanazine, 2,4-D,
malathion) for an average of
22.2 yr; 20 controls, matched
for sex, age, and smoking status

(+)

+ (chromosome
translocations,
inversions,
deletions, P = 0.003;
breaks, P = 0.017;
gaps, P = 0.006)

Comments

Chromosome
aberrations associated
with the amount of
herbicide applied; no
association for workers
who applied 2,4-D only,
or with urinary 2,4-D
concentrations
V(D)J region
rearrangement
frequencies positively
correlated (r = 0.54)
with urinary 2,4D concentrations
(P = 0.003)
DNA damage remained
elevated, but was
significantly decreased
6 mo after exposure
cessation
[Causative effect of
2,4-D alone could not be
demonstrated]
Damage remained
elevated, but was
significantly decreased
8 mo after exposure
cessation
[Causative effect of
2,4-D alone could be
demonstrated]

Reference

Garry et al.
(2001)

Garaj-Vrhovac
& Zeljezic
(2000)

Zeljezic &
Garaj-Vrhovac
(2001)
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Table 4.1 Genetic and related effects of 2,4-D in exposed humans

Table 4.1 (continued)
Cell type (if
specified)

End-point

Test

Blood

Lymphocytes

DNA and
chromosomal
damage

Blood

Lymphocytes

Blood

Lymphocytes

Chromosomal Chromosomal
damage
aberrations

Blood

Lymphocytes

Chromosomal Chromosomal
damage
aberrations

Blood

Lymphocytes

Chromosomal Sister-chromatid
damage
exchanges

Comet assay,
(DNA damage),
chromosomal
aberrations,
micronucleus
formation,
sister-chromatid
exchanges
Chromosomal Chromosomal
damage
aberrations

Description of exposed and
controls

Response,
significance

Comments

Reference

10 subjects exposed to a
pesticide mixture (atrazine,
alachlor, cyanazine, 2,4-D,
malathion); 20 controls,
matched for sex, age, and
smoking status

(+)

[Causative effect of
2,4-D alone could not be
demonstrated]

Garaj-Vrhovac
& Zeljezic
(2002)

42 male workers (Idaho,
USA) occupationally exposed
to 2,4-D, DDT, malathion,
ethyl parathion, endosulfan,
atrazine, dicamba, among other
pesticides; 16 age-matched
healthy controls
19 spraying foliage in forestry
workers exposed to 2,4-D and
MCPA for 6–28 days
19 (2 female, 17 male)
herbicide production workers
exposed to 2,4-D and
2,4,5-trichlorophenol for 10–30
yr
35 males spraying foliage in
forestry with 2,4-D and MCPA,
and 15 controls not working
with herbicides

(+)

[Causative effect of
2,4-D alone could not be
demonstrated]

Yoder et al.
(1973)

(–)

[Causative effect of
2,4-D alone could not be
demonstrated]
[Causative effect of
2,4-D alone could not be
demonstrated]

Mustonen et al.
(1986)

[Causative effect of
2,4-D alone could not be
demonstrated]

Linnainmaa
(1983)

(+) (P < 0.05)

(–)

[], comments not provided or present in the original reference
+, positive
–, negative
+/–, equivocal (variable response in several experiments within an adequate study)
(+) or (–), positive or negative result in a study of limited quality
2,4-D, 2,4-dichlorophenoxyacetic acid; DDT, dichlorodiphenyltrichloroethane; MCPA, 2-methyl-4-chlorophenoxyacetic acid; mo, month; yr, year

Kaioumova &
Khabutdinova
(1998)
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Tissue
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human cells in vitro, in other mammals in vivo
and in vitro, and in non-mammalian systems,
respectively.
(a)
(i)

Humans

Exposed humans
See Table 4.1
No induction of micronucleus formation in
circulating blood lymphocytes was reported in
applicators exposed only to 2,4-D (Figgs et al.,
2000; Holland et al., 2002). In a study of chromosomal aberrations in lymphocytes of forest/roadside herbicide applicators, an association was
reported with the amount of herbicide applied,
but no association was observed among workers
who applied 2,4-D only, or with urinary 2,4-D
concentrations (Garry et al., 2001). An association was reported between 2,4-D urine levels and
V(D)J rearrangements (Garry et al., 2001). [The
Working Group noted that the V(D)J rearrangements may not reflect a genotoxic effect.]
A causative effect of 2,4-D alone could not
be demonstrated in several studies of pesticide
mixtures. Induction of DNA breaks as measured
by the comet assay was seen in lymphocytes from
male production workers exposed to a pesticide
mixture including 2,4-D (Garaj-Vrhovac &
Zeljezic, 2000, 2001, 2002). Chromosomal aberrations were induced in lymphocytes of male
agricultural workers (Yoder et al., 1973; GarajVrhovac & Zeljezic, 2001, 2002), but not in male
forestry workers (Mustonen et al., 1986). Induction
of micronucleus formation in lymphocytes was
seen in males exposed to a pesticide mixture
including 2,4-D (Garaj-Vrhovac & Zeljezic,
2001, 2002) or in an herbicide plant producing
2,4-D and 2,4,5-trichlorophenol (Kaioumova
& Khabutdinova, 1998). For sister-chromatid
exchange, positive results were reported in
males exposed to a pesticide mixture including
2,4-D (Garaj-Vrhovac & Zeljezic, 2001; Zeljezic &
Garaj-Vrhovac, 2002). However, a separate study
showed no effect on sister-chromatid exchange
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in male forestry workers exposed to 2,4-D and
MCPA (Linnainmaa, 1983).
(ii)

Human cells in vitro
See Table 4.2
No induction of DNA strand breaks by 2,4-D
was detected by 32P labelling in exposed leukocytes (Sreekumaran Nair et al., 2002). Comet
assay results were positive in lymphocytes
isolated from smokers, but not non-smokers,
exposed to 2,4-D (Sandal & Yilmaz, 2011).
Apurinic/apyrimidinic sites in human fibroblasts were induced by a commercial formulation
containing 2,4-D dimethylamine salt, but not by
2,4-D or the 2,4-D trimethylamine salt (Clausen
et al., 1990).
Regarding induction of chromosomal aberration by 2,4-D, both positive (Pilinskaia, 1974;
Korte & Jalal, 1982) and negative (Mustonen
et al., 1986) results have been reported in human
lymphocytes. Positive results were reported in
human lymphocytes exposed to 2,4-D-based
formulations (Mustonen et al., 1986; Zeljezic &
Garaj-Vrhovac, 2004).
Regarding micronucleus formation, inconclusive results have also been observed in whole
blood or lymphocyte cultures treated with 2,4-D
or a 2,4-D-based formulation (Holland et al.,
2002). Micronuclei were induced after exposure
of lymphocytes to a 2,4-D-based formulation in
the presence or absence of metabolic activation
(Zeljezic & Garaj-Vrhovac, 2004).
Positive results were seen in an assay for
sister-chromatid exchange in human lymphocytes treated with 2,4-D (Korte & Jalal, 1982).
Soloneski et al. (2007) reported induction
of sister-chromatid exchange in lymphocyte
cultures by 2,4-D or by a formulation containing
2,4-D dimethylamine salt, but only when erythrocytes were present in the cultures (Soloneski
et al., 2007). [The Working Group noted that the
findings of Soloneski et al. (2007) suggest that
erythrocytes may play a role in 2,4-D metabolic
activation or lipid peroxidation induction.]

Table 4.2 Genetic and related effects of 2,4-D in human cells in vitro
Tissue, cell line

End-point

Test

Results

Concentration
(LED or HID)

2,4-D
Leukocytes

DNA damage

32

–

80 μg/mL

Comet assay

–

10 μM

Comet assay

+

10 μM

DNA damage
Chromosomal
damage
Lymphocytes
Chromosomal
damage
Lymphocytes
Chromosomal
damage
Whole blood
Chromosomal
cultures
damage
Lymphocytes
Chromosomal
damage
Lymphocytes
Chromosomal
damage
Lymphocytes
Chromosomal
damage
2,4-D-based formulation
Fibroblasts
DNA damage

AP sites
Chromosomal
aberrations
Chromosomal
aberrations
Chromosomal
aberrations
Micronucleus
formation
Micronucleus
formation
Sister-chromatid
exchange
Sister-chromatid
exchange

–
+

100 mM
50 μg/mL

Sreekumaran Nair et
al. (2002)
Sandal & Yilmaz
(2011)
Sandal & Yilmaz
(2011)
Clausen et al. (1990)
Korte & Jalal (1982)

DNA damage
DNA damage

+

2 μg/mL

Pilinskaia (1974)

–

0.35 mM

Mustonen et al. (1986)

(+)

0.001–1.0 mM

(+)

0.3 mM

+

10 μg/mL

+

10 μg/mL

Only when erythrocytes were present

Soloneski et al. (2007)

AP sites

+

10 mM

Clausen et al. (1990)

Lymphocytes

Chromosomal
aberrations
Chromosomal
aberrations
Micronucleus
formation

+

0.4 μg/mL

2,4-D-based formulation or 2,4-D DMAHCl salt; 2,4-D TMA-HCl salt was without
effect at 100 mM
With or without metabolic activation

+

0.5 mM

+

0.4 μg/mL

With or without metabolic activation

Zeljezic & GarajVrhovac (2004)

Lymphocytes, nonsmokers
Lymphocytes,
smokers
Fibroblasts
Lymphocytes

Lymphocytes

Only 2 donors; modest dose-dependent (P
= 0.012) induction in 1 out of 2 donors
Only 2 donors; slight induction at
cytotoxic concentration in both donors

Reference

Holland et al. (2002)
Holland et al. (2002)
Korte & Jalal (1982)

Zeljezic & GarajVrhovac (2004)
Mustonen et al. (1986)
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Lymphocytes

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

P post labelling

Comments

Tissue, cell line

End-point

Test

Results

Concentration
(LED or HID)

Comments

Reference

Whole blood
cultures or
lymphocytes

Chromosomal
damage

Micronucleus
formation

(–)

0.3 mM

Holland et al. (2002)

Lymphocytes

Chromosomal
damage

Sister-chromatid
exchange

+

10 μg/mL

Two 2,4-D-based formulations; only 2
donors; slight induction (from 2/1000 to
6.7/1000) in 1 out of 2 donors that was
within the range of baseline variability
(3-12/1000)
Formulation containing 2,4-D DMA;
positive results only when erythrocytes
were present

Soloneski et al. (2007)

+, positive
–, negative
+/–, equivocal (variable response in several experiments within an adequate study)
(+) or (–), positive/negative results in a study of limited quality
2,4-D, 2,4-dichlorophenoxyacetic acid; AP sites, apurinic/apyrimidinic sites; DMA, dimethylamine; HID, highest ineffective dose; LED, lowest effective dose; TMA, trimethylamine
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Table 4.2 (continued)

Table 4.3 Genetic and related effects of 2,4-D, and its metabolites, salts and esters, in non-human mammals in vivo
Species,
strain

2,4-D
Mouse,
Swiss

Mouse,
B6C3F1
Mouse,
Swiss

Tissue

End-point

Test

Results Dose (LED
or HID)

Route,
duration,
dosing
regimen

Comments

Reference

Germ cells

Mutation

Dominant lethal

–

125 mg/kg
bw
75 mg/kg
bw
100 mg/kg
bw
3.3 mg/kg
bw

i.p. × 1

2,4-D

Epstein et al. (1972)

p.o. × 1 ×
4 days
p.o. × 3 or
5 days

2,4-D

Knapp et al. (2003)

2,4-D

Amer & Aly (2001)

400 mg/kg
bw
100 mg/kg
bw
3.5 mg/kg
bw
3.38 mg/kg
bw

p.o. × 1

2,4-D

Charles et al. (1999b)

p.o. × 1

2,4-D

Pilinskaia (1974)

i.p. × 1

2,4-D

Venkov et al. (2000)

i.p. every
3 days for
55 days
Topically ×
1, 24 h before
analysis
Topically ×
1, 24 h before
analysis
i.p. × 1

2,4-D; offspring of
maternal treated mice

Yilmaz & Yuksel (2005)

2,4-D

Schop et al. (1990)

2,4-D

Schop et al. (1990)

Thymocytes

Mutation

Mouse,
C57BL
Mouse,
Swiss

Bonemarrow cells,
spermatocytes
Bone-marrow
cells
Bone-marrow
cells
Bone-marrow
cells
Bone-marrow
cells

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

Micronucleus
formation
Chromosomal
aberrations
Chromosomal
aberrations
Chromosomal
aberrations

–

Mouse,
CD-1

Bone-marrow
cells

Chromosomal
damage

Micronucleus
formation

–

1/8 dermal
LD50

Mouse,
CD-1

Hair follicle

Chromosomal
damage

Nuclear
aberration assay

+

1/8 dermal
LD50

Mouse,
CBA

Bone-marrow
cells

Chromosomal
damage

Micronucleus
formation

–

100 mg/kg
bw

Mouse, ICR Bone-marrow
cells

Chromosomal
damage

Micronucleus
formation

–

400 mg/kg
bw

Mouse,
CD-1
Mouse

+

+
+
–

p.o. × 1

2,4-D
Jenssen & Renberg
Negative results at 24
(1976)
hours and 7 days after
treatment
2,4-D
EPA (1990b)
Negative results at 1, 2,
and 3 days after treatment
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–

Chromosomal
damage

T-cell receptor
(V(D)J)
Chromosomal
aberrations

p.o. × 5

Species,
strain

Tissue

End-point

Test

Results Dose (LED
or HID)

Route,
duration,
dosing
regimen

Comments

Reference

Mouse,
NIH

Bonemarrow and
spermatogonia
cells
Hepatocytes

Chromosomal
damage

Sister-chromatid
exchange

+

100 mg/kg
bw

p.o. × 1

2,4-D

Madrigal-Bujaidar et
al. (2001)

DNA damage

UDS assay

–

p.o. × 1

2,4-D

Charles et al. (1999a)

Alkaline elution

+

1000 mg/
kg bw
7 mg/kg bw

i.p. × 1

2,4-D

Kornuta et al. (1996)

Alkaline elution

+

70 mg/kg
bw

i.p. × 1

2,4-D

Kornuta et al. (1996)

Chromosomal
aberrations

+

35 mg/kg
bw

i.p. × 1 ×
2 days

2,4-D

Adhikari & Grover
(1988)

Chromosomal
aberrations

+

180 mg/kg
bw

i.p. × 1 × 3 or
5 days

2,4-DCP

Amer & Aly (2001)

Micronucleus
formation

–

443 mg/kg
bw (
397 mg/kg
bw
376 mg/kg
bw
542 mg/kg
bw
375 mg/kg
bw
500 mg/kg
bw
400 mg/kg
bw
600 mg/kg
bw

p.o. × 1

2,4-D DEA

Charles et al. (1999b)

Rat, Han
Wistar
Rat, Wistar

Hepatocytes,
DNA damage
kidney cells
Rat, Wistar Spleen, lung,
DNA damage
bone-marrow
cells
Rat, Wistar Bone-marrow
Chromosomal
cells
damage
2,4-D metabolites, salts and esters
Mouse,
BoneChromosomal
Swiss
marrow cells,
damage
spermatocytes
Mouse,
Bone-marrow
Chromosomal
CD-1
cells
damage

Mouse, ICR Bone-marrow
cells

Chromosomal
damage

Micronucleus
formation

–

2,4-D DMA
2,4-D IPA
2,4-D TIPA
2,4-D BEE
2,4-D EHE
2,4,-D IPE
p.o. × 1

2,4-D DMA
EPA (1990b)
Negative results at 1, 2,
and 3 days after treatment
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Table 4.3 (continued)

Table 4.3 (continued)
Species,
strain

Tissue

End-point

Test

Results Dose (LED
or HID)

Route,
duration,
dosing
regimen

Comments

Mouse, ICR Bone-marrow
cells

Chromosomal
damage

Micronucleus
formation

–

500 mg/kg
bw

p.o. × 1

Mouse,
C57BL/6

Chromosomal
damage

Sister-chromatid
exchange

–

20–40 mg/
kg bw

i.p. × 1

2,4-D IOE
EPA (1990a)
Negative results at 1, 2,
and 3 days after treatment
Mixtures of 2,4-D,
Lamb et al. (1981)
2,4,5-T, and TCDD
[causative effect of 2,4D alone could not be
demonstrated]

Chromosomal
damage
Chromosomal
damage
Mutation

Sister-chromatid
exchange
Sister-chromatid
exchange
c-N-ras
amplification

–

100 mg/kg
bw
100 mg/kg
bw
NR

p.o. × 1 × 14
day
p.o. × 1 ×
9 days
Lawns
treated with
herbicides
containing
2,4-D

Bone-marrow
cells

2,4-D-based formulations
Rat, Wistar Circulating
lymphocytes
Hamster,
Circulating
Chinese
lymphocytes
Dog
Malignant
lymphoma

–
–

Reference

Linnainmaa (1984)
Linnainmaa (1984)
Edwards et al. (1993)
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+, positive; –, negative; +/–, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative in a study of limited quality
2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; BEE, butoxyethyl ester; DCP, dichlorophenol; DEA, diethanolamine; DMA, dimethylamine; EHE,
ethylhexyl ester; HID, highest ineffective dose; IOE, isooctyl ester; i.p, intraperitoneal; IPA, isopropylamine ; IPE, isopropyl ester; LED, lowest effective dose; NR, not reported; p.o., oral
administration; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TIPA, tri-isopropanolamine; UDS, unscheduled DNA synthesis
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(b)
(i)

Experimental systems

Non-human mammals in vivo
See Table 4.3
In mice, dominant-lethal tests with 2,4-D
gave negative results (Epstein et al., 1972).
Positive results for chromosomal aberration were
reported in bone marrow cells and spermatocytes
after oral or intraperitoneal treatment with 2,4-D
(Pilinskaia, 1974; Venkov et al., 2000; Amer &
Aly, 2001) or after exposure to the metabolite
2,4-DCP (Amer & Aly, 2001). Negative results
were seen in the offspring of mice treated with
2,4-D by intraperitoneal administration (Yilmaz
& Yuksel, 2005). Micronuclei were not induced
in bone marrow cells of mice exposed to 2,4-D
topically (Schop et al., 1990), by intraperitoneal
administration (Jenssen & Renberg, 1976), or
orally (EPA, 1990b; Charles et al., 1999b). 2,4-D
salts and esters also gave negative results after
oral administration (EPA, 1990a, b; Charles et al.,
1999b). Sister-chromatid exchange was induced
in bone marrow and spermatogonial cells by
2,4-D administered orally (Madrigal-Bujaidar
et al., 2001). Positive results were reported in an
assay for nuclear aberration in hair follicles after
topical exposure to 2,4-D (Schop et al., 1990).
In rats, inconsistent results were seen for
induction of DNA strand breaks. There was no
DNA damage induction in hepatocytes evaluated by an assay for unscheduled DNA synthesis
after oral exposure to 2,4-D (Charles et al.,
1999a). Induction of DNA damage by alkaline elution assay was seen in cells of the liver,
kidney, spleen, lung, and bone marrow after
intraperitoneal exposure to 2,4-D (Kornuta et al.,
1996). Chromosomal aberrations were induced
in bone-marrow cells after intraperitoneal
exposure to 2,4-D (Adhikari & Grover, 1988).
No increase in sister-chromatid exchange in
circulating lymphocytes was seen after intragastric exposure to a 2,4-D formulation in rats or
Chinese hamsters (Linnainmaa, 1984).
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In dogs, no association was reported between
exposure to 2,4-D and amplification or mutation
of c-N-ras in lymphoma specimens (Edwards et
al., 1993).
(ii)

Non-human mammalian cells in vitro
See Table 4.4
In rat cells, no DNA damage was seen in
hepatocytes evaluated by assay for unscheduled
DNA synthesis after exposure to 2,4-D acid, or
to its salts and esters (EPA, 1990a; Charles et al.,
1999a).
In Chinese hamster V79 cells, 2,4-D was
mutagenic in the hypoxanthine-guanine phosphoribosyl transferase (HGPRT) assay (Pavlica et
al., 1991). In Chinese hamster ovary (CHO) cells,
no mutagenic effect was reported in the HGPRT
assay after exposure to 2,4-D salts and esters in
the presence or absence of metabolic activation
(Gollapudi et al., 1999).
Results were variable for DNA strand-break
induction by the comet assay. Positive results
were observed in Syrian hamster embryo cells
exposed to 2,4-D (Maire et al., 2007), and in CHO
cells exposed to 2,4-D or 2,4-D DMA (González
et al., 2005). Negative results were reported at
higher concentrations of 2,4-D in CHO cells
(Sorensen et al., 2005).
Sister-chromatid exchange was induced in
CHO cells exposed to 2,4-D in the presence
(Linnainmaa, 1984), or absence (González et al.,
2005) of metabolic activation, or exposed to
2,4-D DMA in the absence of metabolic activation (González et al., 2005). A 2,4-D formulation
slightly increased the frequency of sister-chromatid exchange with, but not without, metabolic
activation (Linnainmaa, 1984). Negative results
were reported in an assay for chromosomal aberration in lymphocytes exposed to 2,4-D salts and
esters with and without metabolic activation
(Gollapudi et al., 1999).
(iii)

Non-mammalian systems
See Table 4.5

Table 4.4 Genetic and related effects of 2,4-D in non-human mammalian cells in vitro
Species

Tissue, cell
line

End-point

Test

Results
Without
With
metabolic metabolic
activation activation

DNA damage

UDS assay

–

NT

Rat

Hepatocytes

DNA damage

UDS assay

NT

Chinese
hamster

V79 cells

Mutation

Syrian
golden
hamster
Chinese
hamster
Chinese
hamster

SHE cells

DNA damage

HGPRT
mutation
assay
Comet assay

–
–
–
–
–
–
–
–
+

CHO cells

DNA damage

CHO cells

Chinese
hamster

Comments

Reference

EPA (1990a)

NT

2,4-D (96.9 μg/mL)
2,4-D IOE (25 μg/mL)
2,4-D DMA (100 μg/mL)
2,4-D (96.9 μg/mL)
2,4-D DEA (369 μg/mL)
2,4-D DMA (66.2 μg/mL)
2,4-D IPA (250.5 μg/mL)
2,4-D TIPA (354.5 μg/mL)
2,4-D BEE (478 μg/mL)
2,4-D EHE (24.5 μg/mL)
2,4-D IPE (194.2 μg/mL)
10 μg/mL
2,4-D

+

NT

11.5 μM

2,4-D

Maire et al. (2007)

Comet assay

+

NT

2 μg/mL

2,4-D or 2,4-D DMA

González et al. (2005)

DNA damage

Comet assay

–

NT

1600 μM

Sorensen et al. (2005)

CHO cells

Chromosomal
damage

–

+

10−4 M

Chinese
hamster

CHO cells

Chromosomal
damage

+

NT

2 μg/mL

2,4-D or 2,4-D DMA

González et al. (2005)

Rat

Lymphocytes Chromosomal
damage

Sisterchromatid
exchange
Sisterchromatid
exchanges
Chromosomal
aberrations

2,4-D, alone or after
reaction with redoxmodified clay
2,4-D, slight increase
over control values

–

–

2,4-D BEE (1400 μg/mL)
2,4-D IPA (3068 μg/mL)
2,4-D TIPA (5000 μg/mL)

For 2,4-D IPA, HIC
of 1500 μg/mL with
metabolic activation

Gollapudi et al. (1999)

Charles et al. (1999a)

Pavlica et al. (1991)

Linnainmaa (1984)
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2,4-Dichlorophenoxyacetic acid

2,4-D, esters and salts
Rat
Hepatocytes

Concentration
(LEC or HIC)

Species

Chinese
hamster

Tissue, cell
line

End-point

CHO cells

Mutation

HGPRT assay

–

Chromosomal
damage

Sisterchromatid
exchanges

+

2,4-D-based formulation
Chinese CHO cells
hamster

Test

Results

Concentration
(LEC or HIC)

Comments

Reference

–

2,4-D BEE (1400μg/mL)
2,4-D IPA (3000 μg/mL)
2,4-D TIPA (5000 μg/mL)

For 2,4-D BEE, HIC
of 700 μg/mL without
metabolic activation

Gollapudi et al. (1999)

–

10−5 M

Slight increase over
control values

Linnainmaa (1984)

Without
With
metabolic metabolic
activation activation

+, positive; –, negative; +/–, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative in a study of limited quality
2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; 2,4-D, 2,4-dichlorophenoxyacetic acid; BEE, butoxyethyl ester; CHO, Chinese hamster ovary; DCP, dichlorophenol; DEA, diethanolamine;
DMA, dimethylamine; EHE, ethylhexyl ester; HIC, highest ineffective concentration; IOE, isooctyl ester; IPA, isopropylamine; IPE, isopropyl ester; LEC, lowest effective concentration,
NT, not tested; SHE, Syrian hamster embryo; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TIPA, tri-isopropanolamine; UDS, unscheduled DNA synthesis
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Table 4.4 (continued)

2,4-Dichlorophenoxyacetic acid
In chickens, positive results in sister-chromatid exchanges in embryo cells were reported
after exposure to 2,4-D or a 2,4-D formulation
(Arias, 2003, 2007).
In fish, DNA strand-breaks, chromosomal
aberrations, micronucleus formation, and other
abnormalities indicative of genotoxicity were
seen after exposure to 2,4-D in Clarias batrachus
(Ateeq et al., 2002b, 2005), Channa punctatus
(Farah et al., 2003, 2006), and Oncorhynchus
mykiss (Martínez-Tabche et al., 2004). DNA
strand breaks were induced by 2,4-D or a formulation containing 2,4-D DMA in a carp cell line
in vitro (Bokán et al., 2013).
In freshwater snails, exposure to a formulation
containing 2,4-D DMA had mutagenic effects in
the dominant-lethal assay (Estevam et al., 2006).
No induction of micronucleus formation was
seen in haemocytes of Mediterranean mussels
exposed to 2,4-D (Raftopoulou et al., 2006).
In Drosophila melanogaster, mutagenicity was
observed with 2,4-D in some assays for sex-linked
recessive lethal (Tripathy et al., 1993; Kale et al.,
1995) and somatic mutation and recombination
(SMART) (Graf & Würgler, 1996), but not others
(Vogel & Chandler, 1974; Zimmering et al., 1985).
Mutagenicity was observed by the wing-spot test
after exposure to 2,4-D (Tripathy et al., 1993;
Kaya et al., 1999) or to 2-(2,4-dichlorophenoxy)
propionic acid (Surjan, 1989). No mutagenic
effect was seen for the white-ivory eye-spot test
after 2,4-D exposure (Graf & Würgler, 1996). No
chromosomal aberrations were induced in germline cells exposed to a 2,4-D-based formulation
(Woodruff et al., 1983).
In plants, positive results were reported
in assays for point mutation and homologous
recombination in Arabidopsis thaliana after
exposure to 2,4-D (Filkowski et al., 2003).
In bean seedlings (Phaseolus vulgaris), DNA
damage was induced by comet assay and random
amplified polymorphic DNA (RAPD) assay after
exposure to 2,4-D (Cenkci et al., 2010). 2,4-D
induced chromosomal aberrations in Allium

cepa (Kumari & Vaidyanath, 1989; Ateeq et al.,
2002a), and in A. ascalonicum (Pavlica et al.,
1991), and induced sister-chromatid exchange in
A. sativum (Doleźel et al., 1987). In Vicia faba,
chromosomal aberration was induced by 2,4-D
by when plants were sprayed, but not when seeds
were soaked (Amer & Ali, 1974).
A 2,4-D-based formulation (containing butyl
ester) was tested in 12 plant species and induced
chromosome aberration in three species,
giving positive results when applied to roots
(Chrysanthemum leucanthemum), germinated
seeds (Secale cereale), or bulbs (Allium cepa)
(Mohandas & Grant, 1972). Increased frequencies
(although slight) of sister-chromatid exchange
were seen in Triticum aestivum (Murata, 1989).
In Saccharomyces cerevisiae, mutagenic
effects were reported with 2,4-D in assays for
reverse mutation and mitotic gene conversion
(Venkov et al., 2000). A separate study reported
no mutagenicity in the assay for mitotic gene
conversion after exposure to 2,4-D (Fahrig,
1974). 2,4-D-based formulations gave positive
results in mitotic gene-conversion assays (Siebert
& Lemperle, 1974; Zetterberg et al., 1977), but
not in the host-mediated assay (Zetterberg et al.,
1977).
In Salmonella typhimurium, 2,4-D and its
salts and esters did not demonstrate mutagenicity
in TA98, TA100, TA1535, TA1537, or TA1538
in the assay for reverse mutation in the presence or absence of metabolic activation (Moriya
et al., 1983; Mortelmans et al., 1984; EPA, 1990b;
Charles et al., 1999a). A 2,4-D-based formulation gave negative results in TA1535 and TA1538
strains, and in strains TA1530 and TA1531 in the
host-mediated assay (Zetterberg et al., 1977). In
Escherichia coli, no mutagenic effect of 2,4-D was
seen in WP2 hcr in the reverse mutation assay
with or without metabolic activation (Moriya
et al., 1983).
In Bacillus subtilis, no mutagenic effect
was seen with 2,4-D in the Rec mutation assay
(Shirasu et al., 1976), and results were inconclusive
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Phylogenetic
class

Species, strain, tissue

Chicken

White Leghorn
288-Shaver strain
Chick embryos

Chicken

Fish
Fish
Fish
Fish

Fish

Snails

End-point

Test

Results

Agent,
concentration
(LEC or HIC)

Comments

Reference

Arias (2003)

Without
metabolic
activation

With
metabolic
activation

Chromosomal Sisterdamage
chromatid
exchange

+

NT

0–4 mg/embryo

White Leghorn
288-Shaver strain
Chick embryos

Chromosomal Sisterdamage
chromatid
exchange

+

NT

4 mg/embryo

Catfish (Clarias
batrachus), circulating
erythrocytes
Catfish (Clarias
batrachus), circulating
erythrocytes
Air-breathing Channa
punctatus, kidney cells
Air-breathing Channa
punctatus, circulating
erythrocytes
Air-breathing Channa
punctatus, circulating
erythrocytes
Rainbow trout
(Oncorhynchus mykiss),
gill cells

DNA damage

+

NA

25 ppm

Injection × 1 into
the egg air cell
Dose-related
increase with
2,4-D (borderline
significance) or
a 2,4-D-based
formulation
Injection × 1 into
the egg air cell
Induction with 2,4D (after 10 days) or
a 2,4-D formulation
(after 4 days)
2,4-D

Chromosomal Micronucleus
damage
formation

+

NA

25 ppm

2,4-D

Ateeq et al.
(2002b)

Chromosomal
damage
Chromosomal
damage

Chromosomal
aberrations
Micronucleus
formation

+

NA

75 ppm

2,4-D

+

NA

25 ppm

2,4-D

Farah et al.
(2006)
Farah et al.
(2003)

Chromosomal Micronucleus
damage
formation

+

NA

75 ppm

2,4-D

Farah et al.
(2006)

DNA damage

Comet assay

+

NA

5 mg/l

MartínezTabche et al.
(2004)

Biomphalaria glabrata,
germ cells

Mutation

Dominant
lethal assay

+

NA

75 ppm

2,4-D
Water not changed
during experiment;
1–8 days
2,4-D DMA
formulation)

Comet assay

Arias (2007)

Ateeq et al.
(2005)

Estevam et al.
(2006)
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Table 4.5 Genetic and related effects of 2,4-D in non-mammalian systems

Table 4.5 (continued)
Phylogenetic
class

Species, strain, tissue

Mussels

Mediterranean
mussel (Mytilus
galloprovincialis),
haemocytes
Drosophila melanogaster,
germ-line cells
Drosophila melanogaster,
germ-line cells
Drosophila melanogaster,
germ-line cells
Drosophila melanogaster,
germ-line cells
Drosophila melanogaster,
somatic cells

Mutation

Drosophila melanogaster,
somatic cells

Insects

Test

Results

Agent,
concentration
(LEC or HIC)

Comments

Reference

455

Without
metabolic
activation

With
metabolic
activation

Chromosomal Micronucleus
damage
induction

–

NA

0.03 mg/l

2,4-D

Raftopoulou et
al. (2006)

Mutation

Wing-spot
test, sex-linked
recessive lethal
Sex-linked
recessive lethal
Sex-linked
recessive lethal
Sex-linked
recessive lethal
Wing-spot test

+

NT

5 mM

2,4-D
In feeding media

Tripathy et al.
(1993)

+

NT

10 000 ppm

–

NT

9 mM

–

NT

10 000 ppm

+

NT

2.5 mM

Kale et al.
(1995)
Vogel &
Chandler (1974)
Zimmering
et al. (1985)
Graf & Würgler
(1996)

Mutation

White-ivory
eye spot test

–

NT

2.5 mM

Drosophila melanogaster,
somatic cells
Drosophila melanogaster,
somatic cells

Mutation

Wing-spot test

+

NT

10 mM

Mutation

Wing-spot test

+

NT

0.031 w/w

Drosophila melanogaster
with ring-X and doubly
marked Y chromosome,
germ-line cells
Arabidopsis thaliana
line166 and 166A
Arabidopsis thaliana line
651

Chromosomal Chromosomal
damage
aberrations

–

Mutation

Point mutation

+

NA

3 μg/l

Mutation

Homologous
recombination
assay
Comet assay

+

NA

3 μg/l

2,4-D
In feeding media
2,4-D
In feeding media
2,4-D
In feeding media
2,4-D
In feeding media ×
2 days
2,4-D
In feeding media ×
3 days
2,4-D
In feeding media
2-(2,4-D) propionic
acid
In feeding media
2,4-D formulation
(not otherwise
specified)
In feeding media
2,4-D. A→G, but not
T→G, reversions
2,4-D

+

NA

0.1 ppm

2,4-D

Cenkci et al.
(2010)

Mutation
Mutation
Mutation

Common bean, Phaseolus DNA damage
vulgaris

1000 ppm

Graf & Würgler
(1996)
Kaya et al.
(1999)
Surjan (1989)
Woodruff et al.
(1983)
Filkowski et al.
(2003)
Filkowski et al.
(2003)

2,4-Dichlorophenoxyacetic acid

Plant systems

End-point

Phylogenetic
class

Species, strain, tissue

Plant systems
(cont.)

Onion, Allium cepa

Lower
eukaryote
(yeast, mould,
fungi)

Prokaryote
(bacteria)

Shallot, Allium
ascalonicum
Garlic, Allium sativum

End-point

Chromosomal
damage
Chromosomal
damage
Chromosomal
damage

Test

Results

Agent,
concentration
(LEC or HIC)

Comments

Reference

Ateeq et al.
(2002a)
Pavlica et al.
(1991)
Doleźel et al.
(1987)

Without
metabolic
activation

With
metabolic
activation

Chromosomal
aberrations
Chromosomal
aberrations
Sisterchromatid
exchanges
Reverse
mutation, gene
conversion

+

NA

1 ppm

2,4-D

+

NA

45 μM

2,4-D

+

NA

5 μM

2,4-D

+

NA

8 mM

2,4-D

Venkov et al.
(2000)

Mitotic gene
conversion
Mitotic gene
conversion
Mitotic gene
conversion

–

NT

Dose, NR

2,4-D

Fahrig (1974)

+

NA

1000 ppm/16 h

2,4-D formulation

+

NA

Siebert &
Lemperle (1974)
Zetterberg et al.
(1977)

Saccharomyces cerevisiae
D7 ts1

Mutation

Saccharomyces cerevisiae

Mutation

Saccharomyces cerevisiae
D4
Saccharomyces cerevisiae
D4, D5

Mutation

Saccharomyces cerevisiae
D4

Mutation

Host-mediated
assay

–

NA

Salmonella typhimurium
TA98, TA100, TA1535,
TA1537, TA1538;
Escherichia coli WP2 hcr
Salmonella typhimurium
TA98, TA100, TA1535,
TA1537
Salmonella typhimurium
TA98, TA100, TA1535,
TA1537, TA1538

Mutation

Reverse
mutation

–

–

0.6 mg/mL/3 h
2,4-D formulation,
(D4)0.3mg/mL/3 in buffer at pH 4.50
h (D5)
6 mg/o.p.
Formulated product
of 2,4-D as sodium
salt
5000 μg/plate
2,4-D

Mutation

Reverse
mutation

–

–

10 mg/plate

2,4-D

Mortelmans et
al. (1984)

Mutation

Reverse
mutation

–

–

10 000 μg/plate

Tested were 2,4-D,
2,4-D DMA and
2,4-D IOE

EPA (1990b)

Mutation

Zetterberg et al.
(1977)
Moriya et al.
(1983)
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Table 4.5 (continued)

Table 4.5 (continued)
Phylogenetic
class

Species, strain, tissue

Prokaryote
(bacteria)
(cont.)

Salmonella typhimurium
TA98, TA100, TA1535,
TA1537, TA1538

Test

Results

Agent,
concentration
(LEC or HIC)

Comments

Reference

Without
metabolic
activation

With
metabolic
activation

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

–

NA

6 mg, p.o.

2,4-D formulation

Mutation

Reverse
mutation
Host-mediated
assay
Rec assay

2,4-D acid
(9610 μg/plate)
2,4-D DEA
(10 332 μg/plate)
2,4-D DMA
(6620 μg/plate)
2,4-D TIPA
(7090 μg/plate)
2,4-D BEE
(4780 μg/plate)
2,4-D EHE
(9800 μg/plate)
2,4-D IPE
(4855 μg/plate)
2,4-D IPA
(1670 μg/plate)
0.08 mg/mL
2,4-D formulation

–

NT

2,4-D

2,4-D

Clausen et al.
(1990)

2,4-D DMA
formulation

Clausen et al.
(1990)

Mutation

Reverse
mutation

Salmonella typhimurium
TA1535, TA1538
Salmonella typhimurium
TA1530, TA1531
Bacillus subtilis M 45 Rec, H17 Rec+
Bacillus subtilis M 45 Rec, H17 Rec+

Mutation

Mutation

Rec assay

+/−

NA

Isolated DNA from
bacteriophage PM2

DNA damage

–

NT

Isolated DNA from
bacteriophage PM2

DNA damage

DNA singlestrand breaks
(AP sites)
DNA singlestrand breaks
(AP sites)

Dose not
provided
2,4-D
(10 mg/mL) 2,4D formulation
(7.2 mg/mL)
100 mM

+

NT

10 mM

Mutation

Charles et al.
(1999a)

Zetterberg et al.
(1977)
Zetterberg et al.
(1977)
Shirasu et al.
(1976)
Grabińska-Sota
et al. (2000,
2002)
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2,4-Dichlorophenoxyacetic acid

Acellular
systems

End-point

Phylogenetic
class

Species, strain, tissue

Acellular
systems
(cont.)

Isolated DNA from
bacteriophage PM2

End-point

DNA damage

Test

DNA singlestrand breaks
(AP sites)

Results
Without
metabolic
activation

With
metabolic
activation

+

NT

Agent,
concentration
(LEC or HIC)

Comments

Reference

25 mM

2,4-D; only positive
when DNA was
pre-incubated with
CuCl 2

Jacobi et al.
(1992)

+, positive; –, negative; +/–, equivocal (variable response in several experiments within an adequate study); (+) or (–), positive/negative in a study of limited quality
2,4-D, 2,4-dichlorophenoxyacetic acid; 2,4,5-T, 2,4,5-trichlorophenoxyacetic acid; BEE, butoxyethyl ester; DCP, dichlorophenol; DEA, diethanolamine; DMA, dimethylamine; EHE,
ethylhexyl ester; HIC, highest ineffective concentration; IOE, isooctyl ester; IPA, isopropylamine; IPE, isopropyl ester; LEC, lowest effective concentration; NA, not applicable; NR, not
reported; NT, not tested; TCDD, 2,3,7,8-tetrachlorodibenzo-p-dioxin; TIPA, tri-isopropanolamine
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Table 4.5 (continued)

2,4-Dichlorophenoxyacetic acid
at high concentrations of 2,4-D (Grabińska-Sota
et al., 2000), and with a 2,4-D-based formulation
(Grabińska-Sota et al., 2000, 2002).
2,4-D did not induce apurinic/apyrimidinic
sites in bacteriophage PM2 DNA, while positive results were reported with a formulation
containing 2,4-D DMA (Clausen et al., 1990). In
a separate study, 2,4-D or the 2,4-D DMA formulation only gave positive results after pre-incubation with copper chloride (CuCl2) (Jacobi et al.,
1992).
2,4-D interacts with DNA as a groove binder
rather than an intercalating agent, based on
ultraviolet, fluorescence, and viscosity measurements, and alternating current voltammetry
assays (Ahmadi & Bakhshandeh, 2009).

4.2.2 Receptor-mediated effects
(a)

Humans

(i)

Exposed humans
An increase in hypothyroidism with reported
ever-use of 2,4-D and other herbicides has
been found in male pesticide applicators in the
Agricultural Health Study, USA (Goldner et al.,
2013). Garry et al. (2001) reported a correlation
between urinary concentrations of 2,4‐D and
serum concentrations of luteinizing hormone,
but not follicle-stimulating hormone, in male
pesticide applicators who used a hand-held backpack sprayer. Total testosterone levels in winter
were directly correlated with peak levels of 2,4-D
in the urine in the application season.
(ii)

Human cells in vitro
In human prostate cancer cells (androgen
receptor-expressing 22Rv1 and PC3/AR+),
2,4-D alone did not exhibit androgenic activity,
but potentiated 5-alpha-dihydroxytestosterone
(DHT) androgenic activities. DHT-mediated
translocation of the androgen receptor to the
nucleus, and androgen-induced transactivation
were also increased in the presence of 2,4-D
(Kim et al., 2005). [These findings suggested that

2,4-D has the potential to alter DHT-induced
transcriptional activity of the androgen
receptor.] Similarly, in-vitro reporter gene assays
of estrogen receptor, androgen receptor, and
thyroid hormone receptor showed no agonist
or antagonist activity of 2,4-D against hormone
receptors, but 2,4-D enhanced the activity of
testosterone through the androgen receptor (Sun
et al., 2012).
2,4-D did not interact in vitro with human
estrogen, androgen, or steroidogenesis pathways in Tier 1 assays in the Endocrine Disruptor
Screening Program run by the United States
EPA. 2,4-D gave negative results in assays for
estrogen receptor-mediated transcriptional
activation (HeLa-9903-ERα transactivation
assay), aromatase enzymatic activity inhibition
(recombinant human CYP19 aromatase inhibition assay), and interference with steroidogenesis (H295R steroidogenesis assay) (Coady et al.,
2014).
In co-transfected Hepa 1 cells, 2,4-D induced
transactivation by human PPAR of rat acyl-coenzyme A oxidase (acyl-CoA oxidase) and rabbit
CYP4A6 (Pineau et al., 1996).
(b)

Experimental systems

(i)

Non-human mammals in vivo
In rats, a single dose of 2,4-D has been
shown to interfere with thyroid-hormone transport (Malysheva & Zhavoronkov, 1997). 2,4-D
has been reported to bind competitively to the
thyroxine (T4)-binding site of transthyretin, a
carrier of thyroid hormones, and 2,4-D dichlorophenoxybutyric acid reduced plasma total T4
(TT4) in rats (Van den Berg et al., 1991).
In an F1-extended one-generation study of
reproductive toxicity with 2,4-D in rats, a slight
decrease in follicular size was reported in 3 out
of 12 dams at the highest dose, but no other
consistent pattern of thyroid effects was evident
(Marty et al., 2013).
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2,4-D has been reported to cause proliferation of peroxisomes in mouse and rat liver
(Kawashima et al., 1984; Lundgren et al., 1987).
(ii)

Non-human mammalian cells in vitro
Maloney & Waxman (1999) reported that
2,4-D did not activate mouse PPARα or PPARγ
using a transactivation assay in vitro. 2,4-D
did not interact in vitro with rodent estrogen
or androgen pathways in Tier 1 assays in the
Endocrine Disruptor Screening Program run by
the EPA. Specifically, 2,4-D gave negative results
in assays for estrogen-receptor binding (rat
uterine cytosol estrogen-receptor binding assay),
and for androgen receptor-binding (rat prostate
cytosol androgen-receptor binding assay) (Coady
et al., 2014).
(iii)

Non-mammalian systems in vivo
Estrogenic activity, as determined by the
vitellogenin assay, has been reported after exposure of rainbow trout to 2,4-D (Xie et al., 2005).
Plasma vitellogenin levels were 93 times higher
in juvenile rainbow trout exposed to 2,4-D
(1.64 mg/L) for 7 days than in control untreated
fish. No effects of 2,4-D (up to 113 mg acid equivalents/L) were reported in the amphibian metamorphosis assay, and the only effect reported
in the fish short-term reproduction assay was
decreased fecundity at the highest concentration
tested (96.5 mg acid equivalents/L) (Coady et al.,
2013).

4.2.3 Oxidative stress
(a)
(i)
(ii)

Humans
Exposed humans
No data were available to the Working Group.

Human cells in vitro
In human erythrocytes in vitro, 2,4-D (10,
50, 100, 250, 500 ppm) induced dose-related
decreases in superoxide dismutase activity, and
increases in glutathione peroxidase activity.
2,4-D (500 ppm) decreased the level of reduced
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glutathione in erythrocytes by 18% compared
with controls (Bukowska, 2003). In a follow-up
study, 2,4-D increased protein carbonyl group
content, but had no effect on the denaturation of
haemoglobin (Bukowska et al., 2008).
(b)
(i)

Experimental systems

In vivo
2,4-D increased oxidative stress in ventral
prostate, ovary, and mammary gland in the
offspring of pregnant rats exposed to 2,4-D by
oral gavage at a dose of 70 mg/kg bw per day
from day 16 of gestation to 23 days after delivery.
The pups were studied on postnatal days 45, 60,
or 90. In ventral prostate, 2,4-D increased the
concentration of hydroxyl radicals and the rate
of lipid and protein oxidation at all ages studied.
The activity of certain antioxidant enzymes was
increased, but this was insufficient to counteract the oxidative stress. In mammary tissue,
2,4-D promoted oxidative stress, mainly during
puberty and adulthood. In the ovary, 2,4-D
increased lipid peroxides and altered the activity
of several antioxidant enzymes (Pochettino et al.,
2013).
2,4-D induced reactive oxygen species and
altered antioxidant enzymes in the developing
rat brain after exposure in breast milk. Maternal
exposure to 2,4-D (100 mg/kg bw per day between
postnatal days 9 and 25) had no effect on body
weights of pups or lactating mothers. Levels of
reactive oxygen species were increased in the
neonatal midbrain, striatum, and prefrontal
cortex. Glutathione content was significantly
decreased in midbrain, and striatum, and there
were alterations in levels (either increased or
decreased) of antioxidant enzymes (superoxide
dismutase, glutathione peroxidase, and catalase)
in at least one of the brain regions studied, with
the exception of the hypothalamus (Ferri et al.,
2007).
2,4-D (600 ppm in drinking-water; from
day 14 of pregnancy until 14 days after delivery)
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induced hepatic oxidative stress and hepatotoxicity in adult and suckling rats (Troudi et al.,
2012). In dams and pups, malondialdehyde levels
increased, while decreases were seen in the activities of liver antioxidant enzymes (superoxide
dismutase, catalase, and glutathione peroxidase).
Similarly, 2,4-D induced oxidative stress in the
liver of mothers and fetuses after exposure of
pregnant rats to 2,4-D (100 mg/kg bw per day)
on days 1–19 of gestation. Coadministration of
vitamin E (100 mg/kg bw) partially abrogated
the oxidative stress (elevated malondialdehyde
levels, decreased catalase activity, decreased total
antioxidant capacity) induced by 2,4-D. 2,4-D
had no effect on the sex ratio, the number of
implantations, or the viable and resorbed fetuses.
However, lower body weight and a higher rate of
morphological and skeletal defects were seen in
fetuses of dams treated with 2,4-D (Mazhar et al.,
2014).
In rats exposed to a 2,4-D-based formulation
(15, 75, and 150 mg/kg via oral gavage for 4 weeks),
a significant reduction in the activity of hepatic
antioxidant enzymes (glutathione reductase
and catalase) was observed (Tayeb et al., 2010).
Hepatotoxicity was demonstrated by increased
liver weights, histological changes, and elevated
levels of serum enzyme markers. Hepatotoxicity
and altered lipid metabolism were reported in a
follow-up study using the same dosing regime,
in which rats showed increased levels of hepatic
malondialdehyde and altered levels of liver antioxidant enzyme (Tayeb et al., 2013). Olive oil was
found to protect against hepatic oxidative stress
induced by the 2,4-D formulation (Nakbi et al.,
2010). A further study with the 2,4-D formulation at the same doses (15, 75, and 150 mg/kg
bw via oral gavage) reported oxidative stress
in the kidney after 28 days (Tayeb et al., 2012).
The 2,4-D-based formulation significantly
increased levels of malondialdehyde, and altered
the activities of renal catalase and superoxide
dismutase. Glutathione peroxidase was significantly decreased in rats exposed at 150 mg/kg

bw. Dose-dependent increases were seen in the
severity of histopathological evidence of tubular
and glomerular damage, and the number
of pyknotic nuclei. Decreased uric acid and
increased plasma levels of urea and creatinine
were also reported.
(ii)

In vitro
In an in-vitro study using freshly isolated rat
hepatocytes, 2,4-D rapidly depleted glutathione
and protein thiols, and induced lipid peroxidation (Palmeira et al., 1995).
In Saccharomyces cerevisiae, a 2,4-D-based
formulation (2,4-D sodium monohydrate)
induced concentration-dependent increases in
levels of hydroxyl radicals detected by electron
paramagnetic resonance spectroscopy (Teixeira
et al., 2004). The effect was consistently greater in
a mutant lacking the cytosolic Cu-Zn-superoxide
dismutase enzyme (Δsod1).

4.2.4 Immunosuppression
(a)

Humans

(i)

Exposed humans
Faustini et al. (1996) reported reductions in
immunological parameters in blood samples
from 10 farmers 1–12 days after agricultural exposure to chlorophenoxy herbicides.
Compared with values before exposure, the
following were significantly reduced (P < 0.05):
circulating helper (CD4) and suppressor T-cells
(CD8), CD8 dim, cytotoxic T lymphocytes
(CTL), natural killer cells (NK), and CD8 cells
expressing the surface antigens HLA-DR (CD8DR), and lymphoproliferative response to
mitogen stimulations. Lymphocyte mitogenic
proliferative responses remained significantly
decreased 50–70 days after exposure, while other
values were similar to pre-exposure levels. Figgs
et al. (2000) reported increased proliferation
of peripheral blood lymphocytes (replicative
index) after spraying in 12 applicators of 2,4-D
(P = 0.016). Increases were independent of tobacco
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and alcohol use. 2,4-D concentrations ranged
from 1.0 to 1700 µg/g creatinine per L urine), and
increased logarithmically with spraying time.
No change was seen in complete blood counts or
lymphocyte immunophenotypes.
[The Working Group noted that the findings of Faustini et al. (1996) and those of Figgs
et al. (2000) appeared to be contradictory, since
Faustini et al. observed a decrease in lymphocyte
proliferation after exposure to chlorophenoxy
herbicides, while Figgs et al. observed a small
increase.]
(ii)

Human cells in vitro
Holland et al. evaluated micronuclei (see
Section 4.2.1) and reported a dose-dependent
inhibition of the replicative index after exposure
to 2,4-D in whole blood or isolated lymphocytes
from two non-smoking males (aged 31 and 43
years) (Holland et al., 2002). Inhibition was
also observed in a separate experiment using
isolated lymphocytes from five non-smokers
(three females and two males, aged 26–45 years).
On the other hand, with low concentrations
of a 2,4-D-based formulation (0.005 mM), the
replicative index was slightly increased in both
experiments (12–15%; P = 0.052). No change in
mitotic index was seen with either the formulation or pure 2,4-D (Holland et al., 2002).
(b)
(i)

Experimental systems

Mouse
There were numerous studies of the immunotoxic effects of 2,4-D in mice. Blakley reported
immunostimulatory effects with 2,4-D in three
studies. In the first study, sheep erythrocyte-stimulated antibody production and lipopolysaccharide-stimulated B-lymphocyte mitogenesis were
enhanced in female BDF1 mice (age, 6 weeks)
given the n-butyl ester of 2,4-D (2,4-D content,
100 or 200 mg/kg bw). 2,4-D had no effect on
T-lymphocyte mitogenesis induced by concanavalin A (Blakley, 1986).
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In a second study, production of antibodies
to sheep erythrocytes was suppressed at higher
single dermal exposures to the n-butyl ester of
2,4-D (2,4-D content, ≤ 500 mg/kg bw) in female
CD-1 mice (Blakley & Schiefer, 1986). No effect of
acute exposure was seen on T- and B-lymphocyte
proliferative responses to concanavalin A or
lipopolysaccharide, respectively. However, shortterm exposure to 2,4-D n-butyl ester (2,4-D
content, up to 300 mg/kg bw, for 3 weeks)
enhanced the B- and T-lymphocyte proliferative
responses, while having no effect on antibody
production.
In the third study (Blakley & Blakley,
1986), the immune response was altered at age
6 weeks in the female offspring of CD-1 mice
given 2,4-D n-butyl ester on day 11 of gestation
(2,4-D content, up to 200 mg/kg bw). At the
highest exposure (200 mg/kg), a slight decrement was reported in the T-lymphocyte proliferative response, and B-lymphocyte stimulation
by lipopolysaccharide was significantly reduced.
However, when the decrement in background
(unstimulated) mitogenic rates was taken into
account, no net suppression by 2,4-D was seen.
No effect on the humoral immune response
(antibody production against sheep erythrocytes) was seen during gestation.
Two studies reported on the immunodepressive effects of 2,4-D in mice (Zhamsaranova et al.,
1987; Sapin et al., 2003). [The Working Group
noted that the doses and other experimental
details were not available for review.]
Lee at al. (2001) demonstrated a suppression
of lymphocyte stimulation by concanavalin A in
the offspring (age, 7 weeks) of pregnant CD-1 mice
exposed on days 6–16 of gestation to a commercial 2,4-D formulation (up to 1.0% in drinking-water; equivalent to 2,4-D amine derivative
at 650 mg/kg per day). Body weight and kidney
weights were reduced in the offspring of groups
at 0.1% and 1.0%. At 1.0% in drinking-water, the
formulation increased relative counts of B cells,
and reduced counts of T cytotoxic or suppressor
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cells. No effect was seen on the humoral immune
response or peritoneal macrophage phagocytic
function.
In contrast, Salazar et al. (2005) reported
significant immunosuppressive effects on
humoral immunity in C57BL/6 mice treated
with 2,4-D. A 2,4-D formulation (dimethylamine
salt of 2,4-D, 47.2%; active ingredient, 150 mg/kg
bw, given by intraperitoneal administration)
decreased by two to three times the number of
phosphorylcholine-specific IgM and IgG antibody-secreting B cells in bone marrow, showing
an effect on humoral immunity. In serum, titers
of phosphorylcholine-specific immunoglobulins
IgM, IgG2b, and IgG3 were decreased by three
to four times in mice exposed to 2,4-D. In the
spleen, however, 2,4-D produced no change in
the number of antibody-producing cells in mice
treated with 2,4-D [a finding of little relevance
because antibodies are mainly produced by bone
marrow-derived cells].
In C57Bl/6 female mice, de la Rosa et al.
(2003) reported decreased bone marrow pre-B
and IgM(+) B-cell populations 7 days after intraperitoneal exposure to a 2,4-D-based formulation (dimethylamine salt, 47.2%; 200 mg/kg bw
per day). However, a 1 : 1 mixture of formulations of propanil and 2,4-D decreased pre-B and
IgM(+) B cells at a lower dose (each formulation,
50 mg/kg bw) and an earlier time-point (2 and
7 days). De la Rosa et al. went on to demonstrate
reduction in thymus-weight to body-weight
ratios and thymocyte depletion at 2 days, and
inhibition of thymic T-cell repopulation at
7 days, after exposure to the mixture of formulations of propanil and 2,4-D (each formulation,
150 mg/kg bw per day, by intraperitoneal administration) (de la Rosa et al., 2005). Treatment with
the 2,4-D-based formulation only (150 mg/kg
bw) had no effect on thymus weight. In another
study with mixtures, a herbicide formulation
containing 2,4-D and picloram (up to 0.42% in
drinking-water for 26 days) had an immunosuppressive effect in female CD-1 mice, reducing

antibody production in response to sheep erythrocytes (Blakley, 1997).
(ii)

Rat
The first of several studies to report an immunosuppressive effect with 2,4-D in experimental
animals was that by Kenigsberg (1975), who
reported that the amine salt of 2,4-D suppressed
the immune response of rats to Salmonella
bacteria. A separate group of investigators
reported that the amino salt of 2,4-D (2.0 and
20 mg/kg bw daily, intragastric administration)
decreased the monocytic-precursor count in
the bone marrow in 124 non-inbred white rats
(Imel’baeva et al., 1999). The capacity for colony
formation was increased, monocytopoiesis was
activated, and monocyte migration to peripheral blood was increased. In a third study in
rats (Mufazalova et al., 2001), a single dose of
the 2,4-D amine salt (240 mg/kg bw) induced
phasic changes in blood levels of peripheral
leukocytes, and alterations in the microbicidal
activity of peritoneal macrophages that persisted
for 60 days. The activity of polymorphonuclear
leukocytes was also affected. In contrast, Blakley
et al. reported no alteration in lymphocyte or
macrophage function in male Fisher 344 rats
exposed to the amine salt of 2,4-D (10.0 mg/kg,
by gavage in olive oil vehicle, twice per week,
for 28 days) (Blakley et al., 1998). Specifically,
there were no changes in lymphocyte cell-surface marker expression or blastogenesis, phagocytic function of peritoneal macrophages, or
antibody production (anti-sheep erythrocytes)
(Blakley et al., 1998). No changes in body weight,
or organ- to body-weight ratios were seen. [The
Working Group noted that effects were seen in
studies at high doses, but not in a that used lower
doses administered less frequently.]
Marty et al. (2013) evaluated developmental
immunotoxicity in CD rats fed diets containing
2,4-D (100, 300, or 600 ppm in females, and 800
ppm in males). Adults and F1 offspring were
evaluated for immune function using the sheep
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erythrocyte antibody-forming cell assay, and the
NK cell assay. At 600 ppm in females, reductions
were seen in antibody plaque-forming cells in the
spleen (54% decrease) and the number of antibody
plaque-forming cells per 106 splenocytes (27%
decrease), although neither effect attained statistical significance. [The Working Group noted
that the effect on bone-marrow antibody plaqueforming cells was not evaluated; since antibodies
are mainly produced by bone marrow-derived
cells, this limited the value of this study.]

4.2.5 Inflammation
(a)

Humans

No data from studies in exposed humans,
or human cells in vitro, were available to the
Working Group.
(b)

Experimental systems

Fukuyama et al. (2009) evaluated allergic
reactions in BALB/c mice topically sensitized
(nine times in 3 weeks) and subsequently challenged with 2,4-D (dermal or intratracheal exposure). One day after challenge, immediate-type
respiratory reactions were induced by 2,4-D. In
bronchoalveolar lavage fluid, there was a rise
in total IgE levels and an influx of eosinophils,
neutrophils, and chemokines (MCP-1, eotaxin,
and MIP-1beta). Serum IgE levels also increased.
Additionally, surface antigen expression on B
cells increased in lymph nodes, and Th2 cytokine
production (IL-4, IL-5, IL-10, and IL-13) was
elevated in lymph-node cells. [The Working
Group noted that these results indicated that
2,4-D is a respiratory allergen capable of causing
inflammatory responses in the respiratory tract
of mice.]
In subsequent studies, the same group treated
mice (age, 4 weeks) orally with parathion (0, 0.4,
or 1.2 mg/kg bw) or methoxychlor (0, 100, or
300 mg/kg), and then 4 weeks later with 2,4-Dbutyl (0%, 2.5%, 5%, or 10%) (Fukuyama et al.,
2010). Parathion or methoxychlor markedly
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reduced the concentration of2,4-D-butyl required
to yield a positive response in the local lymphnode assay (i.e. the concentration estimated to
yield a stimulation index of 3). Thus, 2,4-D may
be a more potent allergen and inducer of inflammation if there is simultaneous exposure to other
pesticides.
In a study in BALB/c mice, 2,4-D-specific IgE
antibodies were detected after intraperitoneal
administration of 2,4-D, but 2,4-D applied
epicutaneously did not result in delayed-type
hypersensitivity (Cushman & Street, 1982).

4.2.6 Altered cell proliferation or death
(a)

Humans

(i)

Exposed humans
In a small cohort (n = 12) of applicators
spraying 2,4-D, a significant increase in the
replicative index (a measure of cell proliferation)
in peripheral blood lymphocytes in the absence
of micronucleus induction was observed (Figgs
et al., 2000; see Section 4.2.1).
(ii)

Human cells in vitro
In-vitro exposure of isolated lymphocytes
to a low dose of 2,4-D (0.005 mM) increased
the replicative index, but not the mitotic
index (Holland et al., 2002; see Section 4.2.4).
At higher concentrations, cytotoxicity was
reported in transformed human haematopoietic cells (Venkov et al., 2000) and isolated
human lymphocytes (Soloneski et al., 2007);
the latter study also pointed to a delay in cellcycle progression only when erythrocytes were
present. In HepG2 cells, lower concentrations of
2,4-D appeared to induce a G1-phase arrest, while
higher concentrations prolonged S- or G2-phase;
2,4-D also significantly disrupted mitochondrial
membrane potential, and increased the proportion of annexin-positive cells (Tuschl & Schwab,
2003, 2005). In isolated human lymphocytes,
the dimethylammonium salt of 2,4-D initiated
apoptosis in peripheral blood lymphocytes via
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a direct effect on mitochondria and disruption
of caspase-9 (Kaioumova et al., 2001a). A reduction in HepG2 cell proliferation (determined
by incorporation of bromodeoxyuridine) and
downregulation of CDC-like kinase 1 (CLK1)
was noted by Bharadwaj et al. (2005). Several
studies have indicated induction of cytotoxicity
in human cells after exposure to formulations
containing 2,4-D (e.g. Witte et al., 1996; Holland
et al., 2002).
(b)

Experimental systems

(i)

In vivo
No effects on mitotic index or cell proliferation kinetics in murine bone-marrow cells
were observed (Madrigal-Bujaidar et al., 2001).
Exposure to a formulation containing picloram
and 2,4-D caused testicular germ-cell depletion
in rats (Oakes et al., 2002). As discussed above
(see Section 4.2.3), 2,4-D induced hepatotoxicity
and oxidative damage in male Wistar rats (Tayeb
et al., 2013). The oxidative damage profile varied
among tissues (Pochettino et al., 2013). It has also
been reported that 2,4-D is a peroxisome proliferator in rodents (Vainio et al., 1982; Lundgren
et al., 1987). Despite observations characteristic
of peroxisome proliferators in the liver, 2,4-D
appears to primarily induce an architectural
change in the outer part of the kidney medulla,
characterized by foci of tubules containing basophilic epithelial cells in rodents (primarily in rats,
but also in mice) (Ozaki et al., 2001). Renal effects
were also noted in fish (Ozcan Oruc et al., 2004).
The dimethylammonium salt of 2,4-D caused
cell depletion in the white pulp of the spleen and
in the cortex of the thymus in rats (Kaioumova
et al., 2001b).
(ii)

In vitro
At millimolar concentrations in vitro, 2,4-D
induced apoptosis associated with mitochondrial
cytochrome c release and caspase-3 activation in
cerebellar granule cells isolated from Wistar rats
(age, 8 days) (De Moliner et al., 2002). In CHO

cells, an inhibition of protein synthesis associated
with polyamine metabolism has been observed,
associated with inhibition of cell growth, DNA
and protein biosynthesis, and cell accumulation
at the G1-/S-phase boundary (Rivarola et al.,
1985, 1992). Ornithine decarboxylase activity
was inhibited, and reductions were seen in spermine and spermidine concentrations, but not
putrescine (Rivarola & Balegno, 1991).
At concentrations (low micromolar) capable
of inducing cell transformation in the Syrian
hamster embryo assay, no effect on levels of
apoptosis was observed, including unchanged
expression of Bcl2 and Bax (Maire et al., 2007).
Compared with other herbicides, 2,4-D was the
least potent in uncoupling oxidative phosphorylation in rat liver mitochondria (Zychlinski &
Zolnierowicz, 1990).

4.2.7 Other mechanisms
Few studies were identified concerning
exposure to 2,4-D and immortalization, DNA
repair, or epigenetic end-points. Regarding
immortalization, the Agricultural Health Study
reported that the mean relative telomere length
in buccal cells decreased significantly in association with increased lifetime days of use of 2,4-D
(P = 0.004), among other pesticides (Hou et al.,
2013). Epigenetic end-points were addressed in
a few studies in plants, in which 2,4-D altered
methylation status (Miassod & Cecchini, 1979;
Leljak-Levanić et al., 2004).

4.3 Data relevant to comparisons
across agents and end-points
4.3.1 General description of the database
The analysis of the in-vitro bioactivity of the
agents reviewed in IARC Monographs Volume
113 (i.e. 2,4-D, lindane, and DDT) was informed
by data from high-throughput screening
assays generated by the Toxicity Testing in the
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21st Century (Tox21) and Toxicity Forecaster
(ToxCastTM) research programmes of the government of the USA (Kavlock et al., 2012; Tice
et al., 2013). At its meeting in 2014, the Advisory
Group To Recommend Priorities for the IARC
Monographs programme encouraged inclusion
of analysis of high-throughput and high-content
data (including from curated government databases) (Straif et al., 2014).
Lindane, DDT (p,p’-DDT, o,p’-DDT,
p,p’-DDE, p,p’-DDD), and 2,4-D were among
the approximately 1000 chemicals tested across
the full assay battery of the Tox21 and ToxCast
research programmes as of 27 April 2015. This
assay battery includes 342 assays, for which data
on 821 assay end-points (several assays include
multiple end-point readouts) are publicly available on the website of the ToxCast research
programme (EPA, 2015a). Detailed information
about the chemicals tested, assays used, and associated procedures for data analysis is also publicly
available (EPA, 2015b). It should be noted that
the metabolic capacity of the cell-based assays is
variable, and generally limited.

4.3.2 Aligning in-vitro assays to the 10 “key
characteristics” of known human
carcinogens
In order to explore the bioactivity profiles of
the agents being evaluated in IARC Monographs
Volume 113 with respect to their potential
impact on mechanisms of carcinogenesis, the
821 available assay end-points in the ToxCast/
Tox21 database were first mapped to the 10 key
characteristics of known human carcinogens
(Smith et al., 2016). Working Group members
and IARC Monographs staff made independent
assignments for each assay type to one or more
“key characteristics.” The assignment was based
on the biological target being probed by each
assay. The consensus assignments comprise 254
assay end-points that mapped to 6 of the 10 “key
characteristics” as shown below. Within each key
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characteristic, the assays were further divided
by the Working Group into subsets of similar
end-points.
1. Is electrophilic or can undergo metabolic activation (31 end-points): the assay end-points
mapped to this characteristic measure
CYP450 inhibition (29 end-points) and
aromatase inhibition (2 end-points). All 29
assays for CYP inhibition are cell-free. These
assay end-points are not direct measures of
electrophilicity or metabolic activation.
2. Is genotoxic (0 end-points): no assay end-points
were mapped to this characteristic.
3. Alters DNA repair or causes genomic instability (0 end-points): no assay end-points were
mapped to this characteristic.
4. Induces epigenetic alterations (11 end-points):
assay end-points mapped to this characteristic measure targets associated with
DNA binding (e.g. transcription factors) (4
end-points) and transformation catalysts (e.g.
histone deacetylase) (7 end-points).
5. Induces oxidative stress (18 end-points): the
assay end-points mapped to this characteristic measure oxidative stress via cell imaging
(7 end-points), markers of oxidative stress
(e.g. nuclear factor erythroid 2-related factor,
NRF2) (6 end-points), and metalloproteinase
(5 end-points).
6. Induces chronic inflammation (45 end-points):
the assay end-points mapped to this
characteristic measure cellular adhesion
(14 end-points), cytokines (e.g. IL8) (29
end-points), and nuclear factor kappa-lightchain-enhancer of activated B cells (NF-κB)
activity (2 end-points).
7. Is immunosuppressive (0 end-points): no assay
end-points were mapped to this characteristic.
8. Modulates receptor-mediated effects (92
end-points): a large and diverse collection
of cell-free and cell-based assay end-points
measuring nuclear and other receptor
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bioactivity, specifically, AhR (2 end-points),
androgen receptor (11 end-points), estrogen
receptor (18 end-points), farnesoid X
receptor (FXR) (7 end-points), peroxisome
proliferator-activated receptor (PPAR) (12
end-points), pregnane X receptor_vitamin
D receptor (PXR_VDR) (7 end-points), retinoic acid receptor (RAR) (6 end-points),
others (29 end-points), were mapped to this
characteristic.
9. Causes immortalization (0 endpoints):
no assay end-points were mapped to this
characteristic.
10. Alters cell proliferation, cell death, or nutrient
supply (68 end-points): assay end-points
mapped to this characteristic measure cytotoxicity (41 end-points), mitochondrial toxicity
(7 end-points), cell cycle (16 end-points), and
cell proliferation (4 end-points).
By matching assays to key characteristics,
additional insights could be obtained on the
bioactivity profile for each compound specifically for the purpose of evaluating their potential
to interact with or affect mechanisms involved
in carcinogenesis. In addition, for each chemical,
the results of the in-vitro assays that represent
each “key characteristic” can be compared to the
results for a larger compendium of substances
with similar in-vitro data, so that a particular
chemical can be aligned with other chemicals
with similar toxicological effects. Nonetheless,
the available assays do not cover the full spectrum of targets that may be associated with these
mechanisms, and metabolic capacity in many of
the assays is limited, which could account for any
absence of bioactivity. Conversely, the presence
of bioactivity alone does not definitively imply
that the agent exhibits that key characteristic, as
the assay data are considered along with other
information, both in vivo and in vitro.
The Working Group then extracted information from the ToxCast database concerning
whether a chemical was “active” or “inactive”

for each of the selected assay end-points (Sipes
et al., 2013; EPA, 2015b). In the analysis by the
Working Group, each “active” was given a value
of 1, and each “inactive” was given a value of
0. Thus, by assigning all active compounds a
value of 1, the micromolar “potency” estimates
from the concentration–response data were not
explicitly modelled.
Next, to integrate the data across individual
assay end-points into the cumulative score
for each “key characteristic,” the toxicological
prioritization index (ToxPi) approach (Reif et al.,
2010) and associated software (Reif et al., 2013;
Filer et al., 2014) were used. In the Working
Group’s analyses, the ToxPi score provides a
visual measure of the potential for a chemical to
be associated with a “key characteristic” relative
to 181 chemicals that have been previously evaluated by the IARC Monographs and that have been
screened by ToxCast. Assay end-point data were
available in ToxCast for these 181 chemicals, and
not for other chemicals previously evaluated
by IARC. ToxPi is a dimensionless index score
that integrates multiple, different, assay results
and displays them visually. Within each subset
of end-points (“slice”), data are translated into
ToxPi slice-wise scores for all compounds as
detailed below and in the publications describing
the approach and the associated software package
(Reif et al., 2013). Within each individual slice for
a given chemical, the distance from the origin
represents the relative chemical-elicited activity
of the component assays (i.e. slices extending
farther from the origin were associated with
“active” calls on more assays). The overall score
for a chemical, visualized as a radial ToxPi profile,
is the aggregation of all slice-wise scores.
The list of ToxCast/Tox21 assay end-points
included in the analysis by the Working Group,
description of the target and/or model system
for each end-point (e.g. cell type, species, detection technology, etc.), their mapping to 6 of
the 10 “key characteristics” of known human
carcinogens, and the decision as to whether each
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chemical was “active” or “inactive” are available
as supplemental material to Monographs Volume
113 (IARC, 2016). The output files generated for
each “key characteristic” are also provided in the
supplemental material, and can be opened using
ToxPi software that is freely available for download without a licence (Reif et al., 2013).

4.3.3 Specific effects across 6 of the 10 “key
characteristics” based on data from
high-throughput screening in vitro
The relative effects of 2,4-D were compared
with those of 181 chemicals selected from the
more than 800 chemicals previously evaluated
by the IARC Monographs and also screened by
the Tox21/ToxCast programmes, and with those
of the other compounds evaluated in the present
volume of the IARC Monographs (Volume
113) and with their metabolites. Of these 181
chemicals previously evaluated by the IARC
Monographs and screened in the ToxCast/Tox21
programmes, 8 are classified in Group 1 (carcinogenic to humans), 18 are in Group 2A (probably carcinogenic to humans), 59 are in Group
2B (possibly carcinogenic to humans), 95 are in
Group 3 (not classifiable as to its carcinogenicity
to humans), and 1 is in Group 4 (probably not
carcinogenic to humans). The results are presented
in a dot plot as a rank order of all compounds in
the analysis arranged in the order of their relative
activity. The relative positions of lindane, DDT
(p,p’-DDT, o,p’-DDT, p,p’-DDE, p,p’-DDD), and
2,4-D in the ranked list are also shown on the
y-axis. The colour scheme legend (lower left in
each plot) annotates each compound according
to its previous IARC Monographs group classification. The legend key (lower right graphic in
each plot) lists components of the ToxPi chart
as subcategories that comprise assay end-points
in each characteristic, as well as their respective colour-coding (see Section 4.3.2 and IARC,
2016). The ToxPi profile and numeric score is
shown for the highest-ranked chemical in each
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analysis (directly above the legend key) to represent the maximum ToxPi score and for 2,4-D
(upper frame).
Characteristic (1) Is electrophilic or can
undergo metabolic activation: 2,4-D was
tested in all 31 assay end-points mapped
to this key characteristic, and found to be
active for 1 of the 29 assay end-points related
to CYP inhibition. In comparison, the highest-ranked chemical, malathion (IARC
Group 2A; IARC, 2017), was active for 20 out
of 29 assay end-points for CYP inhibition,
and for 1 out of 2 assay end-points related to
aromatase inhibition (Fig. 4.1).
Characteristic (4) Induces epigenetic alterations: 2,4-D was tested for all 11 assay
end-points mapped to this characteristic,
and showed activity for 1 of the transformation-catalyst assay end-points. In comparison, the highest-ranked chemical, captan
(IARC Group 3; IARC, 1983), was active for 0
out of 4 DNA binding-assay end-points, and 5
out of 7 transformation-catalyst (e.g. histone
modification) assay end-points (Fig. 4.2).
Characteristic (5) Induces oxidative stress:
2,4-D was tested for all 18 assay end-points
mapped to this characteristic, and was not
active for any end-point. In comparison, the
highest-ranked chemical, carbaryl (IARC
Group 3; IARC, 1976), was active for 2 out
of 5 metalloproteinase-assay end-points, 3
out of 7 oxidative-stress assay end-points,
and 3 out of 6 oxidative-stress marker assay
end-points (Fig. 4.3).
Characteristic (6) Induces chronic inflammation: 2,4-D was tested for all 45 assay
end-points mapped to this characteristic,
and was not active for any end-point. In
comparison, the highest-ranked chemical,
4,4'-methylenedianiline (IARC Group 2B;
IARC, 1986), was active for 2 out of 14 cellular-adhesion assay end-points, and 2 out of 29
cytokine-assay end-points (Fig. 4.4).

2,4-Dichlorophenoxyacetic acid

Malathion ( 0.75 )

Chlorothalonil ( 0.65 )
Methyl parathion ( 0.7 )

Diethylstilbestrol ( 0.625 )

Fig. 4.1 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
mapped to metabolic activation
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Characteristic (8) Modulates receptor-mediated effects: 2,4-D was tested for all 92 assay
end-points mapped to this characteristic, and
was active for 1 out of 12 PPAR assay end-points.
In comparison, the highest-ranked chemical, clomiphene citrate (IARC Group 3;
IARC, 1979), was active for 5 out of 11 androgen-receptor assay end-points, 13 out of 18
estrogen-receptor assay end-points, 3 out of
7 FXR assay end-points, 6 out of 29 other
nuclear-receptor assay end-points, 2 out of 12

p,p'−DDE
p,p'−DDT

● ●
● ● ●
● ● ●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●
●

PPAR assay end-points, 5 out of 7 PXR_VDR
assay end-points, and 1 out of 6 RAR assay
end-points (Fig. 4.5).
Characteristic (10) Alters cell proliferation,
cell death, or nutrient supply: 2,4-D was tested
for 67 out of 68 assay end-points 0.0mapped0.2 to 0.4
this characteristic, and was active for 1 of the Toxpi Score
41 assay end-points related to cytotoxicity. In
comparison, the highest-ranked chemical,
ziram (IARC Group 3; IARC, 1991), was active
for 2 out of 16 cell-cycle assay end-points,
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Fig. 4.2 ToxPi ranking for 2,4-dichlorophenoxyacetic acid (2,4-D) using ToxCast assay end-points
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mapped to epigenetic alterations
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33 out of 41 cytotoxicity assay end-points,
and 2 out of 7 mitochondrial-toxicity assay
end-points (Fig. 4.6).

4.3.4 Summary of all effects across the “key
characteristics” based on data from
screening in vitro
As a high-level summary of activity, data
were recombined into six ToxPi slices, where
each slice represents activity across all component assays mapped to a given characteristic. In
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●
●

the figure (Fig. 4.7), slices are labelled “metabolism” (Is electrophilic or can undergo metabolic
activation), “epigenetic” (Induces epigenetic
alterations), “stress” (Induces oxidative stress),
“inflammation” (Induces
inflammation),
0.0
0.1 chronic
0.2
0.3
0.4
0.5
“receptor” (Modulates receptor-mediated
effects),
Toxpi Score
and “cellular” (Alters cell proliferation, cell death,
or nutrient supply). Overall, 2,4-D was active
in four of the assays. In comparison, the highest-ranked chemical, clomiphene citrate (IARC
Group 3; IARC, 1979), was active for 104 assay
end-points.
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4.4 Cancer susceptibility data
Data were not available to the Working Group
concerning differential susceptibility due to toxicokinetic or mechanistic factors in humans or
experimental systems.

4.5 Other adverse effects
Other adverse effects not addressed in
sections 4.1–4.4 that may be relevant to cancer
hazard identification for 2,4-D include toxicity
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in the liver, the lympho-haematopoietic system,
or the male reproductive tract.

4.5.1 Humans

One study reported acute hepatitis
in 0.2a man
0.0
0.1
0.3
0.4
exposed to 2,4-D through habitual licking of golf
Toxpi Score
balls (Leonard et al., 1997). The patient’s liver
enzyme levels returned to normal after cessation
of exposure, deteriorated again when the behaviour resumed, and then returned back to normal
once exposure stopped again.
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4.5.2 Experimental systems
Increased liver weights were reported in a
short-term study of toxicity with 2,4-D (Charles
et al., 1996) and in a short-term study of toxicity
with a 2,4-D-based formulation (Tayeb et al.,
2010) in rats, but not in single-dose or short-term
exposures to mice (Borzelleca et al., 1985). In the
short-term study in rats, histological changes,
including hepatic cord disruption, focal necrosis,
vessel dilation, and pyknotic nuclei, were also
reported, with severity increasing with dose
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(Tayeb et al., 2010). Increases in alkaline phosphatase activity were reported in female mice
exposed for 90 days (Borzelleca et al., 1985). No
changes in the liver or in any other organs were
reported in a long-term study in rats and dogs
0.0
0.1
0.2
0.3
0.4
(Hansen et al., 1971).
Toxpi Score
With respect to male reproductive toxicity,
Charles et al. (1996) reported decreased testes
weights in rats after short-term exposure to
2,4-D. In an F1-extended one-generation study
of reproductive toxicity with 2,4-D, Marty
et al. (2013) reported reduced testicular weights
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accompanied by decreased body weights in
weanling rats, and decreased seminal vesicle
weights, but no decreases in testicular weights in
P1 rats. In rats exposed to a herbicide formulation containing 2,4-D and picloram, Oakes et al.
(2002) reported reduced testes weight, shrunken
tubules, and germ-cell depletion.
Data were extracted from the Toxicity
Reference Database (ToxRefDB), EPA, which
contains information on long-term and shortterm studies of cancer, developmental and
reproductive toxicity in vivo on hundreds of
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chemicals (Martin et al., 2009). All source files
are publicly available from the October 2014 data
release (https://www.epa.gov/chemical-research/
toxicity-forecaster-toxcasttm-data).
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0.6

Target organ

End-point effect
13-week studies of toxicitya

Adipose tissue
Adrenal gland
Bone marrow
Brain
Eye
Heart
Kidney
Liver
Lung
Ovary
Pituitary
Prostate
Spleen
Testes
Thymus
Thyroid

b

Multigenerational studies of reproductive
toxicity in vivo

Atrophy in male and female rats
Weight changes in male and female dogs and rats
Pathology in male and female rats
Haematopoietic hypocellularity in male and
female rats
Weight changes in male and female rats
Pathology in male and female rats
Weight changes in male and female dogs and rats
Weight changes and pathology in male and
female dogs and rats
Weight changes in male and female rats and dogs
Pathology in male and female rats
Pathology in male and female rats
Weight changes in rats
Weight changes in male and female rats
Inflammation in dogs
Atrophy in male and female rats
Weight changes and pathology in dogs and rats
Reduced epididymis size in male rats;
Weight changes in male and female rats
Atrophy in female rats
Weight changes in female dogs and male and
female rats
Pathology in female rats

See also Schulze (1991) and EPA (1993)
See also EPA (1995a) and EPA (1995b)
c See also Tasker (1985)
2,4-D, 2,4-dichlorophenoxyacetic acid
From EPA (2015c)
a

Long-term studies of toxicity or
carcinogenicityb

Haematopoietic cell proliferation in female rats
Weight changes in male and female dogs
Pathology in male and female rats
Pathology in male and female dogs, rats, and mice Pathology in male rats
Weight changes in male and female mice
Pathology in male and female rats and dogs
Pathology in male and female rats
Weight changes in dogs and rats
Inflammation in dogs
Weight changes and pathology in dogs and rats

Pathology and weight changes in male and
female rats

IARC MONOGRAPHS – 113
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Table 4.6 End-point effects associated with administration of 2,4-D reported in the Toxicity Reference Database of the
United States Environmental Protection Agency

2,4-Dichlorophenoxyacetic acid

5.

Summary of data reported

5.1 Exposure data
The common name for 2,4-dichlorophenoxyacetic acid is 2,4-D. In addition to 2,4-D, several
2,4-D ester and salt compounds have been
manufactured and used in herbicide products.
2,4-D was commercially introduced in 1944,
and has been in continuous production and use
worldwide since that time. It is one of the most
widely used herbicides around the world for the
control of broadleaf weeds and plants in agriculture, forestry, right-of-way (e.g. roadside, rail
track, power line), lawn or turf, and aquatic weed
control. 2,4-D salts and esters are not persistent
under most environmental conditions and are
expected to degrade rapidly (within days) to
the acid form. Occupational exposures to 2,4-D
can result from product manufacturing, and
from its use as a herbicide, and occurs primarily
via dermal and inhalation routes. Indirect or
para-occupational exposure may occur in some
populations as a result of take-home and drift
exposure pathways, and occurs through dermal
absorption, inhalation, and indirect ingestion.
The general population may be exposed as a
result of the presence of 2,4-D in house dust,
food, air, water, and soil. In some areas, residential exposures may be related to use of 2,4-D on
lawns. Exposures of the general population may
occur through inhalation, dermal absorption,
and ingestion. Occupational exposures are often
found to be one to three orders of magnitude
higher than those in the general population.

5.2 Human carcinogenicity data
Exposure to 2,4-D has been evaluated in
relation to cancer risk in population-based
case–control studies and in several cohorts of
agricultural workers, pesticide applicators, and
pesticide manufacturers in the USA, Canada,

and Europe. The Working Group also reviewed
studies of workers and military personnel who
had been exposed to phenoxy herbicides as a
class, or to herbicides containing dioxin, but
determined that the majority of these studies
were uninformative as they did not provide
specific risk estimates for 2,4-D. In the studies
that were considered to be informative, exposure to 2,4-D was largely assessed by questionnaire, sometimes with expert assessment of work
activities and crops grown, and in the industrial
cohorts by linkage of work histories to company
records of exposure levels. Data were reported
in the cohorts for a wide variety of cancers, and
in the case–control studies with more detail for
non-Hodgkin-lymphoma (NHL), leukaemia,
soft tissue sarcoma, and glioma.
More than 10 studies evaluated exposure
to 2,4-D in relation to risk of NHL, with NHL
classified according to either traditional systems
or the more recent WHO classification, which
defines lymphoid neoplasms as a broad category
that includes lymphoid leukaemia and multiple
myeloma. A nested case–control study of NHL
within an international cohort of herbicide-manufacturing and -spraying workers, and follow-up
of 2,4-D–manufacturing workers in the USA did
not observe any strong or consistent increases
in risk of NHL in relation to 2,4-D exposure,
although the highest risks were observed in the
manufacturing cohort in the USA in the highest
categories of duration and intensity. A strongly
increased risk of NHL, but not leukaemia, was
associated with exposure to 2,4-D in a case–
control study nested within a cohort of members
of a farmworker labour union; nevertheless, the
semi-ecological exposure assessment in this
study limited the inferences that could be made.
Population-based case–control studies of exposure to 2,4-D in relation to risk of lymphoma
and leukaemia provided mixed results. Studies
in North America found positive associations
with exposure to 2,4-D, with evidence for an
exposure–response relationship with increasing
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frequency of use in two studies, but not in a third.
Four other studies in the USA and Europe found
largely null results. In two studies and a pooled
analysis of three studies, associations with 2,4-D
were reduced toward the null after adjustment
for other pesticides. Studies in which exposure
assessment was based on measurement of 2,4-D
in house dust did not find an association with
risk of NHL or childhood acute lymphocytic
lymphoma; however,the validity of dust measurement to reflect exposure during a time frame
of etiological interest is unclear.
Two meta-analyses of exposure to 2,4-D and
risk of NHL have been published; one included
five studies and showed a moderate, statistically
significant increase in risk; the other included
nine studies and showed no association. The
Working Group carried out an additional
meta-analysis for exposure to 2,4-D and risk of
NHL that included 11 studies, and also showed no
association for ever-exposure to 2,4-D. However,
sensitivity analyses showed positive associations
when risk estimates that were adjusted for other
pesticides were replaced by risk estimates from
the same studies that were not adjusted for other
pesticides, including replacing the pooled analysis that adjusted for multiple pesticides with
estimates that were not adjusted for other pesticides from the primary studies.
Risk of soft tissue sarcoma was evaluated in
relation to exposure to 2,4-D in three studies. A
strong association was found in an international
nested case–control study, although the number
of cases was small; two case–control studies in
the USA reported that they found no association
between exposure to 2,4-D and risk of soft tissue
sarcoma. There were very few studies examining other cancer sites (e.g. cancers of the prostate, lung, stomach, breast, and melanoma, and
glioma), and their findings were inconsistent.
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5.3. Animal carcinogenicity data
2,4-D was tested for carcinogenicity by oral
administration in two feeding studies in male
and female mice, and one study (gavage followed
by feeding) in two strains of male and female
mice; by single subcutaneous injection in one
study in two strains of male and female mice;
by oral (drinking-water) administration in two
coadministration studies of commercial amine
formulations of 2,4-D and the known carcinogen
urethane in mice; by oral administration (gavage
followed by feeding) in three studies and by
single subcutaneous injection of the isopropyl,
butyl or isooctyl esters of 2,4-D in three studies
in two strains of male and female mice; by oral
administration in three feeding studies in male
and female rats; and in one epidemiological study
in pet dogs.
In mice, subcutaneous administration of the
isooctyl ester of 2,4-D resulted in a significantly
increased incidence of reticulum cell sarcomas
(histiocytic sarcoma/mixed cell malignant
lymphoma) in one strain of female mice. This
study had limitations in study design, such that
a relationship between exposure to 2,4-D and
the occurrence of reticulum cell sarcoma could
not be established clearly. In one co-carcinogenicity study in male mice, administration of
a commercial amine formulation of 2,4-D in
drinking-water increased the multiplicity of
urethane-induced pulmonary adenoma. The
other studies in mice reported negative results.
In one study in rats, oral administration
(feeding) of 2,4-D resulted in a significant positive trend in the incidence of astrocytoma of
the brain in males. In a second feeding study
using higher doses, the incidence and trend in
the incidence of astrocytoma of the brain was
not increased. The third feeding study reported
negative results.
Results of the epidemiological case study in
dogs that examined the association between environmental exposure to 2,4-D and risk of canine
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malignant lymphoma were difficult to evaluate
due to potential exposure misclassification.

5.4 Mechanistic and other relevant
data
2,4-D, and its salts and esters, are readily
absorbed via all routes of exposure. 2,4-D is
widely distributed in the body by blood circulation, and is bound reversibly to plasma proteins.
The elimination half-life of 2,4-D after cessation
of exposure is on the order of 1 day. 2,4-D is
largely eliminated unchanged via the urine, with
some also eliminated as 2,4-D conjugates. Renal
organic anion transporter 1 (OAT1) is involved
in the excretion of 2,4-D via the kidneys. Most
studies in humans and experimental mammalian systems have reported no evidence of metabolism other than conjugation, but metabolism
to 2,4-DCP was reported in human CYP3A4transfected yeast exposed to 2,4-D.
With respect to the key characteristics of
human carcinogens, adequate data to evaluate
2,4-D were available only for oxidative stress,
genotoxicity, immunosuppression, receptor-mediated effects, and altered cell proliferation or
death.
The evidence that 2,4-D induces oxidative
stress that can operate in human is strong. In
human erythrocytes, 2,4-D induces oxidative
stress in vitro. In rats exposed in utero and postnatally through milk, 2,4-D induced oxidative
stress in the prostate, ovaries, and mammary
tissue up to 90 days after birth. 2,4-D also caused
oxidative stress in several regions of the brain
in rat pups exposed exclusively via the milk of
exposed mothers. 2,4-D increased hepatic oxidative stress in dams and fetuses; this was partially
counteracted by co-administration of vitamin E.
In yeast, 2,4-D induced hydroxyl-radical formation, and this effect was stronger in superoxide
dismutase-deficient mutants. Although there
was only one study in human cells in vitro, the

results were consistent with available data in rats
and yeast.
The evidence that 2,4-D is genotoxic is
weak. Many of the studies that reported positive
results involved mixtures or formulations from
which the specific effect of 2,4-D could not be
discerned. Several studies in exposed humans
found no association between genotoxic effects
and exposure to 2,4-D. Evidence for induction of
chromosomal aberration, micronucleus formation, and sister-chromatid exchange in human
lymphocytes or in vitro was mixed, with experiments using pure 2,4-D giving largely negative results. Data from experimental mammals
and non-mammals were mixed. Some studies
have reported induction of mutagenic effects in
Drosophila. 2,4-D does not induce point mutations in bacteria, although positive results have
been reported in fish, yeast, and plant systems.
The evidence that 2,4-D causes immunosuppression is moderate. There are contradictory
results regarding the effects of 2,4-D on lymphocyte proliferation in exposed humans in longitudinal studies; both suppressive and stimulatory
effects have been demonstrated, depending on
levels of exposure and formulation. In cultures
of isolated human lymphocytes exposed to
2,4-D, the lymphocyte proliferation replicative
index showed both increases and decreases,
depending on the dose and preparation of 2,4-D
used. 2,4-D significantly decreased the number
of bone-marrow plasma cells in a study in mice,
demonstrating suppression of humoral immunity. However, mixed results have been reported
in some other studies in rats and mice.
The evidence that 2,4-D modulates receptor
activity is weak. One study in exposed humans
reported a correlation between urinary concentrations of 2,4‐D and serum concentrations of
luteinizing hormone and testosterone; however,
the study subjects were exposed to multiple pesticides and herbicides. Studies in human cells in
vitro showed potentiation of androgenic action.
In the rat, a single dose of 2,4-D has been shown
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to interfere with thyroid hormone transport, and
to reduce levels of thyroid hormones. Estrogenic
activity has been reported in rainbow trout
exposed to 2,4-D, according to the vitellogenin
assay. 2,4-D causes proliferation of peroxisomes
in mouse and rat liver.
The evidence that 2,4-D alters cell proliferation or death is weak.
There is inadequate evidence to evaluate
whether 2,4-D causes chronic inflammation;
however, 2,4-D caused allergy-like hypersensitivity effects in mice.
For the other key characteristics of human
carcinogens, the data were insufficient for
evaluation.
In high-throughput testing in the Toxicity
Testing in the 21st Century (Tox21) and Toxicity
Forecaster (ToxCast) research programmes of
the government of the USA, 2,4-D gave positive results for 4 assay end-points, including 1
for peroxisome proliferator-activated receptor
(PPAR)-related activity, of the 265 assay
end-points relevant to the key characteristics of
human carcinogens.
There were few data on cancer susceptibility.
2,4-D has been associated with liver effects
in a human case report, and in rats and mice,
and with reproductive toxicity in males in some
studies in rats.

6.

Evaluation

6.1 Cancer in humans
There is inadequate evidence in humans for
the carcinogenicity of 2,4-dichlorophenoxyacetic acid (2,4-D)
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6.2 Cancer in experimental animals
There is limited evidence in experimental
animals for the carcinogenicity of 2,4-dichlorophenoxyacetic acid (2,4-D)

6.3 Overall evaluation
2,4-Dichlorophenoxyacetic acid (2,4-D) is
possibly carcinogenic to humans (Group 2B)
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2,4-DB
2,4-DCP
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CYP
DDT
DEET
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DoDSR
E2
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EGF
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FXR
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2,4-dichlorophenoxyacetic acid
4-(2,4-dichlorophenoxy)butyric acid
2,4-dichlorophenol
2,4,5-trichlorophenoxyacetic acid
8-hydroxy-2′-deoxyguanosine
2-acetylaminofluorene
adrenocorticotropic hormone
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body mass index
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Chinese hamster ovary
chronic lymphocytic leukaemia
cytochrome P450
dichlorodiphenyltrichloroethane
N,N-diethyl-meta-toluamide
5α-dihydroxytestosterone
3,6-dichloro-2-methoxybenzoic acid
Department of Defense Serum Repository
17β-estradiol
electron capture detector
European Food Safety Authority
epidermal growth factor
United States Environmental Protection Agency
estrogen receptor
ethoxyresorufin-O-deethylase
Food and Agriculture Organization of the United Nations
farnesoid X receptor
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gas chromatography-electron capture detector
gas chromatography-mass spectrometry
gas chromatography-mass spectrometry-electron ionization
glucocorticoid receptor
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high-resolution mass spectrometry
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ANNEX 1. SUPPLEMENTAL MATERIAL
FOR TOXCAST/TOX21

This supplemental material (which is available online at: http://publications.iarc.fr/550) contains a
spreadsheet (.xlsx) and a zip folder containing several ToxPi data files (.csv) analysed by the Working
Group for Volume 113 of the IARC Monographs. The spreadsheet lists the ToxCast/Tox21 assay
end-points, the associated target and/or model system (e.g. cell type, species, detection technology,
etc.), their mapping to 6 of the 10 “key characteristics” of known human carcinogens, and whether
each chemical was “active” or “inactive” (EPA, 2015). The ToxPi files integrate the results by “key
characteristic” and can be accessed using ToxPi software that is freely available for download without
a licence (Reif et al., 2013).

References
EPA (2015). ToxCastTM Data. Washington (DC): United States Environmental Protection Agency. Available from:
https://www.epa.gov/chemical-research/toxicity-forecaster-toxcasttm-data. Data released December 2014.
Reif DM, Sypa M, Lock EF, Wright FA, Wilson A, Cathey T et al. (2013). ToxPi GUI: an interactive visualization
tool for transparent integration of data from diverse sources of evidence. Bioinformatics, 29(3):402–3. doi:10.1093/
bioinformatics/bts686 PMID:23202747

503

This volume of the IARC Monographs provides evaluations of the carcinogenicity
of DDT and lindane (both organochlorine insecticides), and 2,4-D (a chlorophenoxy
herbicide).
DDT is one of the most studied chemicals of environmental concern. It came into
widespread use for disease-vector control and agriculture in the 1940s and was an
important tool in malaria eradication efforts. Most uses of DDT were subsequently
restricted because of its persistence and adverse environmental effects. Nevertheless,
it is still detectable in the environment, in food, and in the blood and adipose tissue
of humans and animals. Lindane was commercialized as an agricultural insecticide
during the same period as DDT and is now largely banned due to its toxicity. Since
its introduction in the 1940s, 2,4-D has become one of the most widely used herbicide
active ingredients worldwide. It is still used in significant quantities, primarily in
agriculture, including in mixtures with other active ingredients.
The IARC Monographs Working Group reviewed epidemiological evidence, animal
bioassays, and mechanistic and other relevant data to reach conclusions as to the
carcinogenic hazard to humans of these agents.
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